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Abstract 
Food borne pathogen is a topmost important concern of present era due to deteriorating the food 
quality, contributing significant loss in the health aspect, global nutritional demand and 
economy. A rapid, fast and effective analytic system of pathogen identification and enumeration 
is the vital most important tool towards minimization of both the grasp and effect of pathogen 
contamination whereas the performance and accuracy of almost all of presently developed 
respective sensory tools are localized on the molecular recognition and catalytic processes of the 
sensor that work for the detection and enumeration. The presence of other biological molecules 
except the targets imparts significant unwanted ligand interaction which deteriorates its true 
binding efficiency of the specific ligand with exact orientation and frequency; and thus requires 
the pre-treatments of the sample to minimize such interference. Keeping this on mind, in this 
work, a membrane process has developed for the purification of the targets (the cells) by 
removal of the other unwanted interfering species from the Listeria innocua loaded food (milk) 
sample followed by concentration of the sample. Both the type of bacteria and host food were 
selected due to high demand. The selective concentration of the cells and volume reduction of 
target cells from the milk sample was accomplished by diafiltration (DF) and tangential flow 
filtration (TFF) with microfiltration (MF) membrane. The effect of cell loading on the cell 
purification and concentration by filtration performance of milk was analyzed. Comparative 
analysis between TFF and DF was done on this aspect and a combined protocol has developed. 
The analysis of operational parameters (e.g. TMP, CFV, permeate flux behaviour, system 
configuration, etc.) on the chemical composition of permeate and retentate was studied. A mass-
balance based model was developed and used to predict the trend of concentrations of the 
species along the progress of DF process. The organic load removal from the system was found 
to be positively correlated with the TMP and CFV involved while the cell recovery was found 
efficient in an optimum TMP range.  The system was found efficient with fastness, effective cell 
purifying and concentrating capability, high recovery of membrane and easiness to operate with 







Keywords: Membrane processes, milk, food contaminant, membrane rejection, cell isolation. 
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1 Introduction  
1.1 Background and motivation 
The quality, content and functionality improvement of foods and supplementary diets are 
one of the most important strand classifying the modern era. Though there are significantly 
increased awareness and rule-legalization in this aspect, illness brought by the consumption of 
pathogen contaminated foods still imparting a significant impact on both the economic and 
public health. They are responsible for foodborne illness, termed and well known as illness 
triggered by entering of pathogens into a host body via ingestion of contaminated foods and 
developed by the resulted food poisoning, a major public health concern having significant and 
broadly reported negative public health impact [1]. Among the victims, dominant fraction in the 
world suffer from food-borne diseases caused only due to food spoilage by microorganisms [2]. 
As an estimation, only in the United States, about 46 million foodborne infections occur each 
year, along with reported 250,000 hospitalizations and 3,000 deaths. Also, each year, about 31 
major known pathogens are acquired in the United States causing an estimated 9.4 million 
incidences of foodborne illness [3], [4] only in US alone. Alarming incidences of recent 
worldwide food-borne disease outbreaks indicates a poor food safety status in food processing 
sector as a major threat to human health [5]–[18]. Among the reported food borne pathogens, 
bacteria are the most frequently and  broadly reported food poisoning source which mostly 
contaminate the foods due to improper food handling [19]. Once infections by these microbes 
residing in food brought to the living beings, it directly correlate the complex food web chain 
that links the consumer with animal, plant, and microbial populations around the world due to 
the complex and integrated nature of food web, and consequently makes the steps for effective 
food quality maintenance to be the topmost level of importance. Considering significant threats 
by foodborne pathogens to global food safety [20], and being the most problematic issues in the 
food industry [21] causing increased raised demand for control actions; use of higher degree of 
antimicrobial agents are generally done [22] to maintain the nutritive value and extended shelf-
life of food and beverage. But, it bears the potentiality to contribute negatively, and in many 
cases causing the failure against the global demand for natural, chemical preservative-free, 
minimally processed, and healthy products which are well balanced and preserve proper 
microbial safety. In addition, now a days, strict rules and health concerns of consumers have left 
the food processors with less flexibility to choose preservative substances and methods [2]. 
Considering all these growing concern over public health, people awareness, and alarming 
reports of outbreaks, strict steps by decision makers, increasing stringent food safety regulatory 
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codes for the food processing industries and involved responsible; the proper and effective tool 
for the controlling of food contamination is a vital concern for global socio-economic strand.    
Towards this context, in food processing plant, at both the food and on surfaces in 
contact of food during processing steps, an effective and precise detection and enumeration 
method of pathogens are the vital concern and point of consideration towards ensuring the 
proper safety of foods throughout the entire food supply chain. Globally, both authorized 
government authorities and food companies constantly carry out microbiological analysis of 
processing foods as a routine work to identify any contamination as well as to get the state of 
contamination level for taking effective prevention action to oppose possible respective further 
emerging risks. Here, it’s the time efficiency of proper pathogen detection and enumeration 
method only which can allow a responsible to develop and implement the on site proper action 
taking plan and preventive actions. In this context, whereas, numerous global and local critical 
management strategies are developed and generally followed by the food processing sectors, 
including Hazard Analysis and Critical Control Points (HACCP) system [23], [24] as an 
example; and have reported to greatly contribute for improving the food safety status, but in 
order to gain the best effective advantages of such strategy, a highly effective, fast and better 
methods of analysis are yet required to be developed and employed.  
Milk is a fluid secreted by, and unique to, female mammals for the nutrition of their 
young. Its composition and properties vary widely between species, reflecting the specific 
nutritional and physiological requirements of the young of that species [25]. Throughout the 
world, milk is the most common product which is highly consumed regardless of the source. 
Among these, cow’s milk is the most reputed and popular to the people all over the world for 
rich nutritional contexts, and is a greatest industrial and economic platform. However, though, 
because of the excellent sensory properties, being enriched with all the nutrients which are 
required for the body for rapid growth, assisting to prevent and reduces the risks of many 
nutritional deficiency diseases and so on for which milk ranks very high among the foods which 
are considered as the most suitable food for human from birth to senility [26], [27]; but it could 
possesses significant negative health impact if not well processed to kill the pathogens possibly 
been present there by diverse mode of contamination. It’s because, milk is an 
excellent medium for microbial growth [28] and when stored at ambient temperature, bacteria 
and other pathogens can grow and proliferate in milk very fast by different manners [29].
 
These 
make milk an idol place for the growth and survival place as well as waterfront of broad ranges 
of microorganisms including severe pathogens [30]. Contamination in milk by microbes 
depends on the stages and conditions of breeding process, collection and transportation, feeding, 
processing as well as the distribution process. Infectious microbes which are found in cow’s 
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milk includes Bacillus cereus, Brucella, Campylobacter jejuni, Coxiella burnetii, E. coli 
O157:H7, Listeria monocytogenes and others of the same group, Mycobacterium avium 
subspecies paratuberculosis, Mycobacterium tuberculosis, Salmonella, Staphylococcus 
aureus, Yersinia enterocolitica etc [31]. It’s also reported that, almost all the diseases 
producing pathogens can be found in cow’s milk, and about 99% of all the human cases of 
L. monocytogenes infections are reported to be caused by the consumption 
of L. monocytogenes contaminated foods, especially ready to eat foods like milk [3]. In this 
context, pasteurization of milk is the most widely process that now a days used to destroy 
pathogenic bacteria and to inactivate some enzymes, extending the shelf-life and to make the 
milk edible for the consumers. But afterwards, these require a very strong practical demand for 
the post analysis, testing and possible further purification for most of the cases. The reason 
behind is highly controversial and is based on the efficiency of the pasteurization process to kill 
the pathogens as there exist a lot of supportive reasons for suggesting and leading the post 
analysis of milk and dairy product for pathogenic assay after this step. For instance, (1) 
outbreaks of disease in humans by contaminated milk have been traced for the consumption of 
both unpasteurized milk (by survey on dairy producers, farm employees, and their families, 
neighbors, and raw milk advocates as well as population consuming several types of cheeses 
manufactured from unpasteurized milk) and pasteurized milk, (2) entrance of the pathogen 
loaded milk having any level of degree of contamination bears high capacity on them for 
hosting and undergoing multiplication in the new nutrient rich medium as well developing 
persistence biofilms on the surfaces of contact, and subsequent contamination in the entire 
production chain, (3) pasteurization may not destroy all foodborne pathogens in milk as been 
reported by many researchers, and (4) many cases of inadequate or faulty pasteurization are 
incapable for incomplete destruction of all the pathogens being carried in the processing food 
stream [32]. However, under such scenario of food pathogen destruction, pathogens such as 
Listeria monocytogenes are of higher concern as they have very strong capability of surviving 
and flourishing in the pasteurized milk, their growth after pasteurization is more facilitated by 
non-competitive growth approach as the bacterial load by other species in pasteurized milk is 
highly lowered, and thus brings the recontamination of dairy products which in some cases is 
more faster than initial state.  
Considering all these, proper detection and enumerations of pathogens is a vital strand 
towards minimization and prevention of foodborne disease outbreaks; with consequent high 
need for effective, rapid, precise, reproducible, easy to operate and accurate detection methods 
of pathogens in the food matrix among international – national regulators, food producers and/or 
processors, and researchers. However, the pathogenic contamination food at a minimum level 
during processing can bring a significant damage on the production as well as possible complete 
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destructing the production line up, shut downing the processing unit because of the high 
multiplication capacity of the bacteria within the food matrix which is rich in nutrient with 
consequent development of the stable inherent biofilms on equipment surfaces and thus 
grasping the entire production system. This can lead high socio-economic impact, high loss of 
profit, increase local demand and thus can hamper the smooth production and distribution 
system; requiring fast pathogen detection and quantification approaches to minimize the 
respective losses and unwanted process shut downing. Towards this goal, one of the major 
handicaps is the high time requirement by the traditional detection methods for bacterial 
quantification in the complex food matrix, which in most of the cases may require more than 
seven days to obtain a just final result of a species existence. This time limitation harnesses the 
effective food protection policies and techniques of industry, researchers and regulatory 
agencies to make the preventive action to be effective because of the fast deterioration of the 
food products during the prolonged session of experimentation of pathogen detection. In 
addition, during the prolonged analysis session of the food sample, fast bacterial growth in the 
sample causes their qualitative and quantitative characteristics to be altered before making the 
test results to be prepared and justified, and consequently proper identification of presence and 
quantification of the pathogens and taking further respective efforts to control foodborne disease 
outbreaks gets limited, requires time and lots of effort. To overcome this, presently many real 
time and fast bio sensing elements are reported to be developed, applied in the industrial 
facilities in some extent and many are in research and development stage and in plan to come in 
the upcoming days. All these works by specific interaction between ligands and active groups of 
the sensor and bacteria surface. But most of these real-time affinity detecting biosensors are not 
able to differentiate between the specific bindings of analytes to the immobilized bio-
recognition elements and consequently causes the non-specific deposition of non-targeted 
molecules or other entities (other bacteria, particles, etc.) on the sensor surface with consequent 
disturbance of the sensor sensitivity, destroys the accurate detection and quantification. This 
critical problem, mostly, in case of affinity biosensors [33] constructed for the detection of 
pathogens in complex biological media [34] is a great concern for the present days as it 
harnessing the implementation growth of these newly developed bio sensors which works very 
fast and in much reliable way once after exposed to a high and optimized concentrated pathogen 
rich sample, and can have high potential towards opposing impacts of food contamination.  In 
parallel, stipulating the food business operators to have the full responsibility of food safety to 
the market by some recent laws (e.g. The EU General Food Law, Regulation 178/2002) makes 
this situations to be highly concerning for the industrial area [35]. All these are leading towards 
the necessities for the development  of  simple and convenient process tools that may help in 
rapid screening and fast quantification of the pathogen in food sample that allows specific 
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access of the cells for the bio-sensors to maintain integrity of the food processing system [36] 
and further proper preventive action planning. 
Among diverse food borne pathogenic diseases brought by different pathogens, within 
few sessions after the first reported case of human listeriosis which is the major impact on 
human by Listeria sp. in 1929 by Nyfeldt [37], increased detections was reported during 1980s. 
Afterword increased number of listeriosis incidence by the raising concise awareness towards 
the Listeria sp. in several countries was reported, and the thorough analysis turned it into a 
globally recognized foodborne disease [38]. Today, this species is the main causative agent of 
listeriosis, and is a globally well-known foodborne pathogen having its proven and well reported 
significance for disease outbreaks and severe impact including dominant fatality. It bears the 
extreme capability to survive and grow over a wide range of environmental conditions including 
wide temperature (1 to 45
o
C) and pH range (4.1 to 9.6), can endure by competing with other 
pathogen in the same host, have capability to grow under refrigeration temperatures, and 
capable of surviving in freezing and very high salt concentrations [39] etc., all of which offer 
this pathogen tremendous and distinct capability over other pathogens to overcome the 
conventional food preservation and safety barriers, and thus possess a high alarming potential 
risk to human health. Due the natural capability of this bacteria to survive and well adopt with 
very broad range of condition and environment, many researchers, scientists and industrialist 
drawn and pointed special attention towards this species, well mentioning as “a bacteria that 
knows how to survive” [40]. In addition, while foodborne illnesses caused by most of the 
pathogens bears the functionality which is influenced by the geographical impact (e.g. in case of 
Campylobacter sp. and Salmonella sp.) as well as surroundings which is just in contact with the 
cell  [41], [42]; but the pathogens in the group of Listeria sp. has the capability of  easy 
adaptation with the surrounding environment once after transmitted, undergoes growth and full 
functionality, and can survives in wide range of environmental conditions and medium and 
cause listeriosis [43], the severe disease associated with widely reported high hospitalization 
and fatality rates all over the world [44]–[51], once after getting exposed to the human as the 
host. This group of bacterium is reported to usually infect some determined inhabitants, 
especially high risk patients such as the elderly, immune suppressed patients and pregnant 
women; but, it can also affect people who do not have these risk factors. L. monocytogenes is 
widespread in nature being part of the faecal flora of many mammals which makes it a common 
foodborne source, and is acquired by humans primarily through consumption of contaminated 
food [52]. The dairy process and product are highly liable for the contamination with 
Listeria sp. as the conditions at the dairy production facilities, environment (animals and farms), 
and storage temperatures are within the range of the high adapting and optimum conditions for 
growth of this pathogenic species [53], [54]. Thus, in case of Listeria sp., implementation of 
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rigorous controls after the proper detection and enumeration is most essential to prevent food 
contamination [55] before the grasping of the entire facility by this species via the processes 
discussed earlier and to prevent the entire process shutting down. All these forced us for the 
selecting the Listeria sp. bacterial species and milk as the host food matrix for our analysis to 
get the more demand efficient and realistic analysis approach. 
The fast, effective and precise tool for detection and easy quantification of such 
pathogenic bacteria in the food are the main key towards prevention and control of problems 
related to health and safety in the milk processing and manufacturing environments. Effective 
destruction of such microbial species is very crucial in food processing since a single trace of 
pathogenic contamination bears the high potentiality for putting the entire manufacture process 
in a big risk by the fast growing nature of the bacteria in the milk matrix. Consequently, the 
manufacturer requires to precisely detect the instant bacterial contamination, undergo the fast 
enumeration process and then plan for the action to inactivate all microorganisms present in the 
food, and to take the necessary corrective actions to prevent or retard the new growth of 
microbial populations, and destruction of the existing growth of present fractions [56]. In 
addition, the local and global rules and legislations in this aspect are highly tough, where failure 
to detect an infection at proper time may have terrible ultimate consequences in the local and 
broad view. Against the pre-mentioned high need for obtaining analytical results in the shortest 
time possible times, traditional and standard bacterial detection methods may take up to 7 or 8 
days to yield only an answer [57] whereas, the effective quantification is the another more tough 
task yet to do and even in most of the cases, the proper quantification is impossible because of 
significant alteration in the analytes during this big experimental sessions. These are forcing the 
respective fellows to draw more and high concentration towards the development of rapid 
detection and quantification approaches for the pathogen analysis. Most of the presently 
developed biosensor for the detection of pathogen (e.g. micro fluidic based pathogen sensor 
[58], Amperometric [59]-[60], piezoelectric [61], impedimetric [62], fluorescent labeling based 
pathogen sensor for food [63], optical biosensors for foodborne pathogen [64] and so on) 
detection and counting, both the laboratory based and industrial, functions by real-time 
detection affinity towards the legends/markers which are not able to completely differentiate 
between the specific binding of analytes to the immobilized bio-recognition elements and the 
non-specific response due to the deposition of non-targeted molecules or other entities (protein, 
fat, particles, organic molecules etc.) on the sensor surface. This non-specific sensor response 
poses the main governing and critical problem; most particularly for affinity biosensors in case 
of detecting pathogens in complex biological media [33], especially for widely reported cases of 
milk [65]. Also, various methods to detect pathogenic bacteria are developed, and reported to 
work well by antibody probes that specifically bind to target proteins on the pathogen [66] and 
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amplifies specific target nucleic acids (DNA, rRNA, mRNA) in bacteria using PCR (polymerase 
chain reaction) or NASBA (nucleic acid sequence based amplification) [67] or by any other 
means, which is further processed for the quantifications. But the functionally and accuracy is 
depended on the purity of the bacteriological samples, because of the sensory inhibition  by 
interference of other species (lipids, fats, nucleic acids, polysaccharides) present, making these 
techniques highly efficient for the laboratory scale with simplified food sample but diminishing 
the functionality while bringing in contact with the real food sample at any processing location, 
e.g. at industry, because of the complex nature of the food consisting broad range of 
components having affinity for the same antibody probes used in the sensing element and thus 
deteriorating the result and hence the functionality. But it’s very important to get the 
enumeration at shortest possible time and near the functional unit, because of the continuously 
changing bacterial number in the nutrient rich host by cell growth and multiplication; and thus a 
proper quantification deviates away as the analyzing time increases while using such processes. 
All these puts the facility for fast detection and enumeration of the foodborne pathogen 
questionable, makes of high challenge and is a vital most concerning issue for ensuring food and 
environmental safety [68]. The situation can be solved with the presently developed biosensor 
only when the pathogens residing in the analytes can be purified from other contaminants and 
purified pathogen sample is concentrated to a significant level for detection. 
So, against the demand of natural, nutritionally better, free from chemical preservatives and 
microbiologically safe with extended shelf-life dairy products by the consumers [69], the most 
important steps to improve the manufacturing system is to develop a process that assist the fast 
and reliable quantification of viable cells residing in the food sample by offering the production 
of purified and concentrated pathogens from the test sample . Such an approach will also allow 
the manufacturer to minimize the exposure time of milk to high temperature (to minimize the 
bacterial growth) where this exposure at high temperature bears the potentiality to lower the 
nutritional quality of foods as many nutrients are heat labile, and thus may deteriorate the 
nutritional quality of food. In addition, since the recent decades, energy optimization and heat 
recovery is the key focal point for all the industrial processes and the lowering of energy 
consumption by a better food processing technologies integrated with lowered heating 
requirement (offered by better control over pathogen by fast reporting) will offer additional 
opportunities to reduce energy consumption, and can improve sustainability of food production 
scenario in dairy industries [70]. Such approach is incorporated with the Enterprise Risk and 
Enterprise Risk Management (ERM) which have attracted a great covenant of attention in this 
sector, especially in recent years [71]. Also, from the broad studies, research report and case 
studies; it’s widely known about the possible negative impact to human beings by generally 
used chemical synthetic preservatives as antimicrobials to inhibit the growth of food-borne 
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pathogens [72], and thus requires to minimize such use which can be only done if the growth of 
pathogen in processing can brought to the minimum which is governed by the fast pathogen 
detection and enumeration process in dairy samples. In addition all the presently used 
techniques for microbial food safety and quality maintaining are related to a significant 
compromise of the nutritional, functional and sensory characteristics of foods [73], and any 
alternative innovative process for food preservation and assistance to do so is the key to oppose 
such alternation of the desired property of the food and are of increasing interest of present time.  
In addition to all these, it’s nothing overflow of hypothesis to say that, because of significant 
unavailability of economic, easy to adopt, efficient method in this context; there are still 
constant high needs for enhancement of technological approaches to be used for the efficient 
detection of pathogenic substances in complex food matrix (e.g. milk), for effective control of 
quality, optimization of production and processing in food plants; and development of any 
approach for fast pathogen detection and enumeration in food sample, which can be 
hybridizable by incorporation with others process will surely contribute towards the efficiency 
improvement over the processes developed earlier.  
However, even though many highly sensitive detection tools have been developed and more 
yet to come in the near future, sample preparation methods, such as target (cell or nucleic acid) 
concentration/purification are the upmost important and first steps for the detection of 
pathogenic bacteria in test samples when any bio-sensing tools are applied for the detection and 
enumeration process. The scenario is more crucial when low concentrations of pathogenic 
bacterial cells are present in relatively large volume of samples which is rich in other interfering 
constituents (e.g. as in milk), and thus a cell purification and enrichment method becomes vital 
most important step for detection for such cases [74]. Though some nucleic acid based testing 
protocol can be a vital counterpart for the cell detection method, but in such approach 
requirement of various sample preparations steps such as, using chaotropic salt technologies, 
SPRI (Solid Phase Reversible Immobilization) polyethylene glycerol (PEG) based technologies, 
and CST (Charge Switch Technology) through pH control and so on makes the total process 
highly labor intensive and time consuming [75]. Considering all these, a cell purification and 
concentration steps by proper filtration with a suitable filtration technology can be good 
approach to keep the detection process to be simpler, faster, and easy to adopt and in coherence 
with presently developed sensing tools to reduce the energy, effort and chemicals requirement 
for total detection process. In this concern, Membranes are developed and designed with broad 
range of pore size distribution and functionality which can be effectively used for this purpose 
once after proper selection and methodology is developed. However, the application of 
membrane process for the pathogen isolation is pretty historic, can be considered to be started 
with the MF process, the oldest membrane process which was developed with most priority 
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towards bacteriological assay for rapidly determination of the safety for drinking water supplies 
in 1945 [76]. Such a well-defined pathogen-isolation system can be considered to have 
applicability over diverse food matrices and food type. It should be able to offer fast isolation, 
should well adopt with the reference control by undergoing minimized cell loss or deterioration, 
must should have high sensitivity and specificity for the isolation of the target cells by most 
effective separation of the other constituents from the food matrix, have to be easy to operate 
and to interpret the results, should offer the feasibility to count or detect the 
lost/damaged/adsorbed/newly developed cells, as well as effective for the further  qualitative 
and quantitative enumeration and cost efficiency while treating the harvested cells with the bio-
sensor. In this context, a properly selected MF process can be of high efficiency for cell 
harvesting because of the high flux at considerably lowered operational TMP than that for other 
membrane process and can make the process faster. The RO, and other low pore sized 
membrane system can be used for higher retention of the bacteria from the host solution (or the 
dissolved molecules), but is of no facility for the isolation of the cells from the complex food 
matrix consists of proteins, lipid etc (as in milk, blood etc) because of their bigger sizes. In 
addition, the MF process offers the lowered stress exerted on the processing fluid by offering 
lowered operational shear and TMP which works for minimized damage of the cell during the 
filtration process than that for UF and NF systems, thus assists in maintaining the cell intigrity. 
This higher cell integrity can be considered as very important criteria in this context, when the 
enumeration of the isolated cells is the main target. Moreover the higher pore sizes of MF 
membrane allows higher broad sized particle removal from food matrix, and reduced the need 
for multiple staged filtration and consequent losses of the target cell at different inter stages 
involved. But, though the microfiltration process is assisted by the low pressure operation, 
comparative high permeation flux, and by highly response of flux on cross flow velocity, 
available in convenient flat or cylindrical geometries of membrane module, but the process 
efficiency harnesses by the deposition and intrusion of macromolecules, colloids and particles 
onto and into the microporous membrane [77] and thus need to optimize for the specific 
applications. 
Against the high need of purified cell suspension and concentration of these purified cells to 
be high enough for easy detection by biosensors, the conventional culturing and growth method 
offers the workability for cell detection in 5-7 days after the enrichment of the cells by growth. 
But, due to the prolonged session and increment of the cell concentration by cell growth, the cell 
quantification by using this cell enriched suspension is far than accurate and requires complex 
calculations to get an estimation. In this context, bacterial cells are very broadly discussed and 
reported to be isolatable from host sample matrix by using simple size exclusion techniques 
[78], most preferably by filtration processes like membrane filtration. Microfiltration of cell 
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suspension is most widely reported to be used for such aspect for cell concentration without any 
lengthy culturing and enrichment steps [79]–[81], [82]–[86]. Most conventionally it’s done by 
passing the host sample through a flat-sheet MF membrane by a syringe pump, having an 
attached MF membrane piece holder. But, in any of such cases, requirement of the subsequent 
steps for recovering the microbial cells from the surface of the used membrane is troublesome, 
and bears the chances of losing the bacteria and wasting of time before using the captured 
bacteria for quantification in a suitable microfluidic biosensor platform. In addition, presence of 
the steps like removal of the membrane from the filtration system, recovery of the attached 
bacteria as well as dealing with very small volume of the bacteria involved after filtration; are 
added obstacles to make the process simpler and faster. Importantly, such approach can’t be 
used without any pretreatment or dilution for the real biological fluid, because of high degree of 
fouling development within shortest possible filtration time, which is imparted from the nature 
of complex food matrix (e.g. milk). The resulted high degree of deposition on membrane is 
brought by wide range of constituents having broad range of physico-chemical property (e.g. 
fats, oils, particles, vitamins and proteins etc) being present on the test sample. Also, while 
processing with bacteria loaded biological fluid, e.g. milk, presence of membrane pores having 
sizes higher than the minimum dimension of the viable cells causes the cells to be permeated 
under application of drag force of the permeation stream once after attachment with the 
membrane surface. Also, EPS from bacteria can be released due to the action of high shear 
stress imparted by such filtration [87] which may cause increment of filtration resistance [88], 
can interact with the deposited proteins on the membrane to make the cake to be more severe for 
filtration [89],  possible enhanced cell attachment on the membrane at the concentration stage of 
the dead end filtration because of increased cell concentration [90], increased biofouling on the 
membrane because of the high cell concentration at the membrane at the early stage [91] and is 
considered as one of the main obstacles of MF membrane [92] and  causes the membrane to be 
less usable for the recovery and reuse. In addition, while filtration of the cell suspension with 
the intended purpose of cell isolation, especially when dead end filtration approach is followed, 
because of such fouling, increased differential pressure faced by a cell after once get 
immobilized into the membrane can cause it to deform elastically [93], penetrated into the 
membrane matrix, and bears capability to further capture the internal structures of the 
membrane by growth [93] and release of associated products. Considering all these, a TFF 
system can be an excellent alternative for the efforts to isolate cells by membrane filtration. This 
mode of widely used and broadly accepted in the biotechnology industry and laboratory analysis 
[93]–[96] which offers the lowered and controllable  deposition by cross flow velocity and thus 
lowers the associated problems. TFF system possesses tremendous facility preventing the 
sedimentation of large molecules on the membrane surface and thus reduces fouling, and 
minimizes the aforementioned related impacts [96]. Consequently it offers the possibility of 
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processing of large quantity of pathogen loaded sample [97] with comparatively lower filtration 
performance alteration. In addition, because of the minimized shear force experienced by the 
bacteria as well as less interaction with membrane, TFF systems are reported to be highly in 
efficient terms of performance (filtration rate) and cell viability [98] which are of topmost 
importance when the system is employed for harvesting of viable cells to be used for 
quantification. However, when the TFF is bought in the mode of constant volume DF (DF), the 
gradual lowering of the bulk concentration of the species further assist more decline of 
deposition on membrane and thus maintain the smoother operation. Also, such process bears 
additional advantage of higher cell integrity while processing of bacteria rich sample and when 
viable pure cells with structural integrity are main concerned target. More details of these 
systems are discussed in the later section of the report.  
Considering all these backdrop and demands, as in deliberately, applicability of a membrane 
technology has demonstrated in this work for assisting the current technologies of food borne 
pathogen detection by overcoming sensory inhibition of non-target species, for improving the 
pathogen sensor workability and working range; and is of high effectiveness for making the 
traditional viable cell enumeration methods be of better efficiency by incorporating effective 
pre-filtration, isolation and concentration of the target cells. In addition, it will improve and 
positively contribute in the field of new biosensor innovation and engineering and assist faster, 
reliable and more precise assays to improve the present scenario of the food contamination 
prevention, control, making the dairy production processes smoother and of better inherent 
safety as well as will contribute for the development of the global heath and food safety. The 
work is aimed for development of a microfiltration based DF-TFF integrated process for ease 
harvesting and concentration of the viable cell present in a complex food matrix of milk. Based 
on the aforementioned discussion of the high and proven need of such process for the dairy 
sectors, and being Listeria. sp. as the most alarming dairy pathogen which requires very fast 
detection and enumeration for effective control among the pathogens this field, we selected milk 
and Listeria sp. as our host complex food – pathogen system for the evaluation of this testing 
process. Among the Listeria species, the non pathogenic Listeria innocua was selected because 
of its exceptional similarity with the pathogenic species of Listeria group, the Listeria 
monocytogenes. Along the experimental session, individual efficiency of TFF and DF process 
were tested for this same aspect and was further combined to make a hybrid cell purification and 
concentration technique for opposing the drawbacks of individual steps, to develop a faster and 
effective isolation method of these bacterial cell for sensing and quantification in the complex 
sample matrix of contaminated real milk. All the stages of filtration and processing were 
analyzed for the respective efficiency, characterized for effective combination and integrity of 
the entire developed approach. The removal of the organic load from milk sample was achieved 
 
Page 18 of 91 
 
at significant level and developed method was found efficient for concentrated viable cell 
isolation. A well fitted mathematic modeling for predicting the trend of organic load elimination 
from the testing milk sample were developed and implemented. The optimum condition for the 
isolation of bacterial cell from the sample without deteriorating their functionality and integrity 
was derived and tested.  
1.2 Objectives 
Based on the aforementioned backdrops and present high demand of biosensor 
implementation in rapid, precise, easy and reliable pathogen detection and enumeration 
techniques for carrying out simultaneous improvement of the quality of food, awareness and 
better following up of legalizations in the fast growing sector of food industries; it’s of high 
concern to make the cell harvesting and concentration process to be faster, precise, reproducible, 
simple and hygienic.  But, these requirements can be fulfilled only when a good, highly 
efficient, precise and reproducible method of bacteria isolation and concentration from the 
alalysing complex food matrix is developed. Keeping on mind about the possible potential 
broad applicability of membrane in this aspect, the goals of this project are:  
 Selection of a membrane process for performing selective concentration of a high 
demanding bacteria (Listeria sp.) residing at the complex food matrix (the milk).  
 Determination of a process flow design of experiment which allows minimized pre-
treatment and keeps the process simple, isolated, hygienic and smooth to operate. 
 Determination of the influence of operating condition on the organic load removal 
performance and to derive optimum.  
 Development of a suitable model for the system to predict and define the removal 
profile of organic species from the analyzing sample along the progress of cell isolation 
process. 
 Analysis of the cell retention and concentration efficiency by the process.  
 Deriving an optimum process condition for the technique to adapt in real scale.  
 Identification and analysis of parameters, situations and their influences on any 
observed bacterial leakage during filtration process. Determination of conditions and 
their impacts to make the isolated cells to be ready for direct quantification (by 
biosensor) with minimized cell loss resulted deviations, and additional requirement of 
correction factor incorporation. 
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2 Theory 
2.1 Modelling of DF system 
In case of DF, continuous removal of a species (solute) from the retentate occurs along 
time which is comparable with a continuous stirred tank reactor (CSTR), but been incorporated 
with a membrane at outlet stream [99] imparting the selective exit of respective species through 
the exit stream. This implies that, the equations governing the elimination of a species from DF 
system would be rather similar with those used for CSTR, but the difference will be introducing 
a rejection defining parameter in case of DF based on system performance characteristics. 
Figure 1 shows a schematic drawing of a continuous stirred tank reactor (CSTR) and of a DF 
system with the flow characteristic parameters. This rejection defining parameter (rejection 
coefficient  ) on a feed solution consists of broad range of molecular weight species possesses 
different values for different solute species based on the size, shape, hydrodynamics, physico-
chemical characteristics and different interactions. For instance, some species of very small size 
(e.g. Salt) can have a negligible rejection coefficient (R  0), while the others may have values 
higher than zero, magnitude of which is the function of aforementioned properties of the 
species.  
 
Figure 1: Schematic diagram of (a) a CSTR and (b) a DF system [99]. 
In both the cases, the permeation nature of a species generally possesses expression in 
the form of generalized exponential decline which in case of ideal DF is a function of time 
along the progress of DF, keeping other rate influencing parameters (e.g.    ) of expression to 
be constant. But in our case, continuous variation of permeation flux along the progress of DF 
was observed which causes the variation of such permeation influencing parameter (imposed to 
the permeation defining equations) values along progress of DF, been arisen from the feed 
(retentate) side. Consequently an empirical equation [Equation 1], similar to that of the ideal 
exponential interpretation, having demonstrated high correlation (R
2
 > 0.99) with the observed 
permeation data of the species (i) was selected to define the permeations of respective species. 
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Defining the permeation natures by the selection of such empirical equation imparts simplicity 
on the development model with offering easy assessing scope of continuous variation of the rate 
influencing parameters (e.g.    ).  
Such equation can be written as: 
                                  
 
       
       
  
          Equation 1 
Where,  
 
                            Equation 2 
and    is the dimensionless rate constant representing the exponential accumulation rate of the 
permeating species (i) in the permeate stream. Higher values of    stands for faster and easier 
permeation of respective species (i) through the membrane during DF process. Here,  
              
  is the predicted instantaneous concentration of the respective species at permeate 
just at the beginning (N, t = 0) of the DF.  
The membrane rejection coefficient of a species (i) can be expressed as,   
                                                         Equation 3 
Here,         represents the membrane retention coefficient of the respective species at that 
instance. The reason for selection of an empirical equation for defining the permeation rate of a 
species and further development of the modeling equations based on that equation is the 
observed time depended variation of flux, which in term can influence different performance 
factors, e.g. continuous influence on “  ” and       values along the progress of DF. 
Approaching and developing formulations in this demonstrated way offers the simplicity of the 
model as well as eliminates the possible complexity which can be imposed while incorporation 
of time depended such “  ” and      values along the filtration time, and interprets the system 
better.  The time depended transmission values of a species (i) along the DF (        ) were 
determined by the Equation 4.  
 
                    
                   
                   
     Equation 4 
The mass balances for solvent (and replacement buffer) of the system can be written as: 
                                            Equation 5 
The mass balances for solute (i) of the system can be written as: 
 
Page 21 of 91 
 
                              
 
                            
 
                     
or, 
                                                          
     
                    
  
                                             Equation 6 
Here, the       represents the rate of change of the respective mass. 
Cumulative amount of species “i” permeated is: 





   Equation 7 
And consequently, amount of a permeating species accumulated on the membrane is:  
                                        






          Equation 8 
The residual concentration of the species (i) in the retentate    at any instance is:  
                         
                                                                       
  
 
                           





                        
  
 
          Equation 9 
The boundary conditions for the intigration are: 
                                                                                  
  
                                                                                 
  
These equations were solved numerically altogether with the experimental data’s by Matlab 
[100] and Microsoft Excel [101] to quantify the respective parameters and comparison.   
2.2 Flux, permeability and resistances calculation 
In cases of DF and concentration experiments, complete recycling of the retentate stream to 






] was determined from timed collection log of 
the membrane permeations from a digital balance and by using  Equation 10. 
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         Equation 10 
Here, A is the total active membrane area in m
2
, P(t) is the cumulative permeate volume 
in m
3 
obtained after filtration time, t (in second). The duplication of the experiments showed 
reproducibility with a maximum of ± 5 % error. 
The hydraulic permeability of the membrane was tested by sterile distilled water 
permeation and calculated from the slope of Darcy’s law [Equation 11].  
  
   
   
           Equation 11 
TMP was calculated by using Equation 12; where,          ,       and Pp are the 
pressures at the entrance of module, at the exit of module and at the permeate side respectively. 
    
               
 
           Equation 12 
The permeability (P) of the membrane is the slope of the plot obtained from Equation 
11 and represented by Equation 13. 
  
 
   
         Equation 13 
Among the many models describing the increment of membrane resistance (i.e. decline 
in permeate flux by fouling and deposition on the membrane surface during filtration), the 
resistance-in-series model [102], [103] is used to subdivide the net resistance into all the 
individual resistances as given by Equation 14. 
                                  Equation 14 
The intrinsic resistance of membrane [  ] is mainly characterized by pore shape, size, 
tortuosity, membrane material, membrane thickness, and so on which can be controlled only by 
the proper controlling of these parameters during the manufacturing stage of respective 
membrane. All other resistances are depended on the operation mode and system involved. The 
resistance on the membrane by adsorption [    ] stands for permeation resistance imparted by 
thermodynamically unavoidable adsorption of the constituents from the feed material which is 
thus recoverable by proper water wash (or rinsing). Generally, the contribution on the total 
resistance by this resistance is small [104] comparing to the relative magnitude of the other 
resistance contributors. Filtration resistance  by concentration polarization [   ] is imparted by 
the accumulation of the material adjacent to the membrane surface which is recoverable by 
“rinsing” the membrane surface with pure water just after completing the use of membrane 
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[105]. Irreversible resistance on the membrane [      ] is imparted by the irreversible 
accumulation of the solutes in the membrane matrix and membrane surface. 
The intrinsic and the fouling layer resistance were calculated using Equation 14, Equation 15, 
Equation 16 and Equation 17; where,  J0 is the distilled water flux obtained for the un-used 
membrane [106] and the measurement of                               was based on flux 
obtained during filtration of milk. 
    
   
   
          Equation 15   and          
   
   
     Equation 16 
During the concentration of the retentate sample by TFF, the concentration factor of the sample 
was calculated as:  
                     
                 
        
     Equation 17 
2.3 Quantification of the Bacterial cell concentrations and recovery 
Concentration of the cells was expressed in the form of CFU/ml. Log reduction value 
(LRV) was used for demonstrating the relative permeation of the bacteria from the retentate    
sample. The LRV was defined as the ratio of number of CFU of the bacteria in the retentate    at 
any time to that in permeate at that instance Equation 18.  
    
                       
                     
       Equation 18 
Where,             stands for the bacterial cell concentration [CFU/ml] in the retentate 
and the permeate side respectively.  
Cell concentration factor and the recovery efficiency were calculated according to the 
following equations: 
                            
                    
   
  
                    
                    
   
  
                                
      
           Equation 19 
Cell recovery by the individual process [%] = 
       
                    
   
  
                                                           
                    
   
  
                                                                    
  
                   Equation 20 
The total recovery [%] of bacteria by the process was defined as the percentage of total 
bacteria gained after the dual step of filtration (DF and concentration), and was calculated by 
using Equation 21.   
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Total cell recovery [%] = 
                                             
 
                                                                                          
                                              
                                       
  
  
    Equation 21 
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3 Materials and methods 
3.1 Materials 
3.1.1 Milk and contaminated milk 
Commercially available semi skimmed milk, “leite Agros meio gordo”, was used to test 
this filtration performance (as received in the final dispensable form) without any modification. 
The constituents of this milk and their respective proportions are tabulated in Table 1. For the 
preparation of the contaminated milk, the same milk was contaminated with the selected 
bacteria up to a specific level of contamination.  
Table 1: Constituents and their proportions in the used semi skimmed milk.  
Constituent(s) Amount(s) [gm per 100 ml] 
Lipids 1.60  
Sugars 5.10  
Proteins 3.40  
Salt 0.10  
Vitamins and minerals:   
 Vitamin B12 0.3710E-6  
 Potassium  0.16  
 Calcium 0.12  
 Phosphorous 0.093  
 Iodine 20×10E-6  
 Riboflavin (vitamin B2 ) 0.17×10E-3  
 
3.1.2 Bacteria 
Listeria innocua, the non-pathogenic species among the six species belonging to the 
group Listeria sp., was selected as the model bacteria for this experiment. It is a rod shaped 
gram positive bacteria having longest dimension of 1-2 µm and the smallest dimension of 0.45-
0.55 µm. The species bears the high similarity with the Listeria monocytogenes except the 
capability of the pathogenic property on the host and most widely used as the model bacteria for 
the laboratory scale testing of Listeria sp.  
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3.1.3 Bacteria enriched (contaminated) Milk  
The culture of L. innocua was prepared in BHI (agar), grown for 18 hours at 30 ºC, and 
then this culture was used for loading of bacteria in milk. A 199 ml of milk (specified in section 




 CFU/ml) L. innocua culture. So, the 
resultant milk solutions had L. innocua concentration of  10
5 
CFU/ml. The bacteria loaded 
milk sample was preserved in the cold storage (near 4
o
C of temperature) and was used for the 
further experimentation within shortest possible time in order to minimize the effect of bacterial 
growth (before using in the experiment) on the filtration performance. This section was done 
with appreciated collaboration of Dr. Susana Rodrigues and Dr. Wilson Antunez from the 
Laboratório de Bromatologia e Defesa Biológica, Portugal. 
3.1.4 Reagents and chemicals 
The Analysis of total protein was done by Folin-Ciocalteu's reagent (Merck). All other 
chemicals used in this experiment were of analytical grade, received from Sigma, Merck and 
Pierce and were used without any form of additional purification.  
3.1.5 Membrane  
The microfiltration membrane used for the experiment was made of regenerated 
cellulose having average pore size of 0.45 µm [Model: HY18606 from Sartorius (Germany)].  
3.2 Methods 
3.2.1 Experimental methods 
3.2.1.1 Cross flow filtration and DF 
The experimental setup for the DF experiment is schematically shown in Figure 2. The 
suitable sized piece of membrane was placed on the membrane support made of mesoporous 
steel within the module (locally designed, made of stainless steel; and equipped with the feed/ 
retentate channel, permeation compartment, feed inlet channel and retentate outlet channel, 
permeate collection channels and rubber sealing to oppose the leakage) and screwed well for 
making the system to be air tight. All the used tubing and valves were made of sterilizable 
silicon rubber and Teflon respectively. The flow circuit of the system [Figure 2] was equipped 
with series combination of pressure sensors and pumps to complete the closed circuit. Flow to 
and from feed reservoir through this closed retentate circuit was induced by using feed pump. 
The permeate channels were extended to the permeate collection vessel mounted on the high 
precision balance equipped with electronic data logging. Prior to each experiment, the 
membrane was compacted by permeation of the sterile water in tangential flow mode with 
 
Page 27 of 91 
 
stepwise increment of the TMP up to a level above the analyzing TMP. Each of these steps was 
continued until a stable permeation flux was established under respective TMP. Afterward, the 
clean water permeability of the membrane was determined prior to start of each experiment. For 
the DF experiment, a fixed amount of the sample was taken in the feed reservoir and constant 
volume was maintained by addition of buffer at rates equal to that of permeates by using buffer 
feeding pump and tubing. All the experiments were done in the laminar flow chamber under 
sterile condition and at room temperature. After completion of DF step, transformation to the 
concentration step was done by immediate turning off the buffer addition pump and closing of 










Figure 2: Experimental setup for the DF experiments (  ,  ,   represents the buffer flow line, 
milk circulation line and permeate flow channel respectively; and “PI” stands for the pressure 
indicator (sensor)) in the respective positions. 
For the experimentation in concentration in TFF mode, the experimental setup was of 
same configuration and equipments except the elimination of the buffer addition section [Figure 
3].  
 









Figure 3: Experimental setup for the TFF experiments (  and   represents the milk circulation 
line and permeate flow channel respectively; and PI stands for the pressure indicator (sensor)). 
3.2.1.2 Sterilization of the equipments and auxiliaries   
The entire filtration system, components, cleaning solution and rinsing distilled waters 
were sterilized by autoclaving at 121
o
C under 20 bar of pressure for 20 minutes prior using for 
the filtration experiments. For the sterilization of the membrane module and pump heads, 70% 
ethanol was used and later rinsed with sterile distilled water to remove the ethanol prior starting 
of experimentation. The surfaces of laminar flow chamber was washed with 70% ethanol prior 
using and further sterilized with UV radiation altogether with all the equipments and auxiliaries. 
For the sampling and quantifications of the parameters; sterile pipette, sterile pipette filler, 
sterile micro syringe and needles were used, and proper care was taken for handling of samples, 
preservations and during assay in order to minimize any external contamination. All personal 
protective cares based on the lab rules were taken while experimentation with contaminated 
milk samples. After use, discarding of the waste from the biologically contaminated samples 
was done only after autoclaving to kill bacteria and subsequent to additional rinsing with 70% 
ethanol.  
3.2.1.3 Cleaning of membrane 
After using, the membrane was washed in different stages in order to accomplish 
maximum possible recovery of the membrane. Simultaneously, different fouling was quantified 
from the cleaning stages.  At first, rinsing (at very low flow rate) of the retentate circuit was 
done with sterile distilled water for 0.50-1.0 minutes to remove the accumulation in the tubing 
with measurement of water permeability. Then, the filtration of the sterile water through the 
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membrane was done at low TMP ( 0.02 bar) for 10-15 minutes unless the turbidity of the 
washing solution turns to undetectable and the sterile distilled water permeability of the 
membrane was measured; and from that, reversible fouling was quantified. Afterwards, the 
membrane was rinsed with 0.20 N NaOH solution of 40-50
o
C in non-permeation state (rinsing 
the membrane surface) at low TMP ( 0.05 bar) for 20-30 minutes depending on the existence 
of the detectable suspended particle in the washing solution. During this session, the cleaning 
solution was changed multiple times based on until how long the elimination of the substances 
from the membrane surface was detectable. After obtaining stable condition with no more 
observed removal of substances to the washing agent, the system was turned on the filtration 
mode at low TMP ( 0.07 bar); and was continued for 5-10 minutes. After that, the system was 
operated in filtration mode with distilled water (of room temperature with continuous changing 
of water) until the water pH in the both side of the TFF system comes to normal water pH, and 
the water permeability was measured again. This measurement was used for the determination 
of the irreversible fouling by comparing with initial membrane permeability’s. This process was 
continued unless maximum possible recovery of the membrane permeability was achieved.   
3.2.2 Analytical Methods  
3.2.2.1 Membrane characterization 
The characterization results altogether with the reference methods are incorporated in 
the result and discussion section. 
3.2.2.2 Determination of Protein 
For the determination of total protein in samples, spectrophotometric Lowery method 
[107] was used with some modification as been developed and reported by  [108]. To a brief, 
the UV absorbance intensity at 750 nm of wavelength showed by copper - protein - Folin 
Ciocalteu reagent complex was measured by a spectrophotometer for different standard protein 
solutions.  These data’s were used for the preparation of calibration curve and was further used 
for protein quantification of unknown samples. The milk solution, as received, was diluted with 
phosphate buffer for the preparation of standard solutions. The linear region of the calibration 
plot was considered for the assay and all the testing samples were diluted to that range by 




3.2.2.3 Determination of Sugar  
The sugar concentration in the retentate and the permeate streams at different stages of 
DF was determined by high pressure liquid chromatography with a Varian Metacarb 87-H 
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column. The standard solution of lactose, glucose and galactose (the main sugar constituents of 
the milk) were prepared by dissolving the respective quantities in distilled water and peak areas 
obtained for with different standard sugar solution concentrations at corresponding elution time 
(using 0.10 N H2SO4 as mobile phase) were used for the construction of calibration curve which 
were further used for the quantification of sugars in the test samples (prepared by filtration 
through 0.45 µm filter). The peak areas at the respective elution times were compared with the 
calibration curve to get the respective concentrations. 
3.2.2.4 Determination of Fat   
The fat assay was done after extraction of the fatty component from lyophilized milk 
samples by hexane. The sample-hexane mixer was centrifuged to physically separate the fat rich 
extract phase followed by complete drying for fat quantification as previously developed in the 
lab and reported by [109]. At least, three replications were done and the average value was used 
for the total lipid content estimation.  
3.2.2.5 Biological assay and quantification  
Quantification of the Listeria innocua in milk sample was done by plating with 
selective Palcam culture as developed and reported by [110]. It is a selective differential 
medium for the isolation and detection of Listeria innocua, Listeria monocytogenes and other 
Listeria sp. from foods and clinical specimens which is widely used for the isolation and 
enumeration of this species and recommended by APHA, AFNOR and the International Dairy 
Federation for the detection of Listeria sp. in milk and milk products [111]–[114]. Further 
details of the procedure are reported elsewhere [114]. This section was done with kind 
collaboration of Dr. Susana Rodrigues and Dr. Wilson Antunez from the Laboratório de 
Bromatologia e Defesa Biológica, Portugal. 
3.2.2.6 Determination of buffer capacity  
The buffering capacity of the milk can be considered as the indicator of the 
elimination/replacement of the buffering components of the milk, as it is contributed by the 
presence of acid-base compounds in the milk matrix, depends on several compositional factors 
including small constituents (e.g. inorganic phosphate, citrate, organic acids) and milk proteins 
(caseins and whey proteins) [115] residing in the its milk matrix. The total buffer capacity is 
induced by the individual buffering capacity of all the components present in milk, any natural 
or induced impacts on the milk, and consequently variations in the composition of milk 
significantly alter the buffering capacity [115]–[120]. Consequently, the buffer capacity 
alteration resulted by elimination of these diverse constituents can be a vital strand to 
demonstrate the overall organic load elimination (by a process like membrane separation 
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technology), even when the overall removal performance it not well detectable at very low level 
of individual concentrations. It may also serve by fast indication of overall removal rate of the 
components from milk apart from analysis of the individual components when precise 
estimations about removal of these are not required. In this context, the buffer capacity of milk 
sample at different stages of DF and TFF was considered, assessed and compared for 
effectiveness of the process performance. Experimentally, a 2.0 ml of testing sample was taken 
in a plastic container and well precise 0.1 ml of 1M HNO3 was continuously added until the pH 
gets reached to a stable value. After each addition of 0.1 ml 1M HNO3, the sample was 
immediately well vortexed for 30 seconds to homogenize the mixture and to complete the 
physico-chemical changes, and the final pH was recorded. The same protocol was followed for 
the fresh milk sample (before using for the filtration experiment), for pure replacement buffer 
used in the DF and relative comparison was considered for the performance analysis. All the 
experiments were done at room temperature (25 ± 2
o
C). 
3.2.2.7 Determination of viscosity 
Viscosity of the samples was determined by Brookfield Viscometer [model: DV-II] 
equipped with required sized spindle and specified amount of sample as mentioned in the 
protocol offered the manufacturer. Further details about the testing process can be found 
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4 Results and discussion 
4.1 Dependence of flux on TMP and CFV 
In order to assess the influence of CFV and TMP on the permeation flux of milk, a fixed 
amount of milk were filtered in TFF filtration mode with complete recirculation of permeate in 
to the feed reservoir for opposing the effect of any feed composition alteration by the losses of 
organic loads due to membrane permeation. During filtration in this mode, the continuous 
increment of the CFV with parallel increment of TMP was done and the permeate fluxes were 
recorded. The main target was to investigate the possibility of minimizing solute accumulation 
in the vicinity of membrane by the sweeping action of increased CFV; which instead may cause 
elevated deposition on the membrane at increased TMP by the increased drag force towards 
membrane surface by high permeation stream velocity (because of higher flux at high TMP). 
This approach was selected due to high requirement of lowered processing time during cell 
harvesting as the growth of bacteria can introduce higher deviation on the number of harvested 
cells from that of initial. Also, it offers lowered retention time of the bacteria in the system and 
thus minimizes the net amount of the EPS release, and corresponding additional interaction, 
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Figure 4: Effect of the applied TMP and CFV on the permeation flux during filtration of milk.   
 









































































Figure 5: Observed variation of the permeation flux by the stepwise change in the TMP and 
CFV. 
Figure 4 demonstrated the effect of TMP and cross flow velocity on the permeation 
flux, most preferably of the milk serum from the milk matrix during filtration. From this plot, it 
evident about the steady increment of flux with elevation of TMP under associated CFV. From 
the comparison between the pure water flux (and permeability) with that for filtration of milk 
[Figure 4], it’s clear about the possible immediate accumulation of organic loads (proteins, fats 
etc) on the membrane vicinity just after starting of the filtration process. Since, even from the 
lowest TMP conditions, the observed flux is much lower than that of pure water flux, the 
permeation can be considered to be carried out above the critical flux region along the entire 
experimental TMP range and the steady increment of the flux with TMP is the indication of the 
positive impact of CFV on the permeation flux for this system, and can make the filtration 
process faster. The Reynolds number in the entire experimental framework was ranging within 
the 0 < Re < 2300 and thus it’s evident about the laminar nature of the flow in all the 
experimental conditions. In this aspect, since the positive response of the permeation flux on 
CFV is high in case of laminar flow of such system, increment of CFV was done to the 
maximum possible value (under a specific TMP) to minimize the degree of accumulation near 
membrane. This increased CFV found to work well by enhanced sweeping out of the 
components from the membrane vicinity, allowing carrying out of filtration experiment faster 
via high permeation flux.  
As shown in Figure 5, establishment  of stable flux at all the TMP-CFV pairs can be 
consequence of no additional time depended accumulation of organics in the vicinity of the 
membrane to impose flux decline during the session of each step. It can be the consequence of 
high permeations of the concerning species of the milk samples (proteins, sugars and some fats) 
due to their smaller dimension than that of the average membrane pore size. Considering this 
fact and as the DF causes the steady dilution of the sample along time from the very beginning 
[123], this duration of each step was considered enough for the testing purpose. Also, as the 
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fluxes between two consecutive TFF step under identical TMP remains same while having a 
TFF step of elevated TMP between them, it indicates the minimized (or no) additional deposit 
on the membrane during the filtration at elevated TMP (incorporated with elevated CFV as 
mentioned in previous section); demonstrating the effective sweeping out of the solute from 
membrane vicinity by the respective CFV’s [124]. Here, a similar method reported in  [125], 
where the author’s followed a similar approach for the detection of irreversible fouling in the 
membrane with stepwise increment and decrement of the TMP, is used for analyzing influence 
of CFV on deposition at elevated TMP by permeation flux. Thus instead of gradual lowering of 
the flux towards a limiting value with gradual TMP increment, which is the general case of TFF 
above critical flux (under constant CFV for all the TMP’s), observed steady increment of the 
permeation flux with TMP increment resulted from increased sweeping effect of elevated CFV 
is found effective for the making the system faster with lowered additional fouling and 
resistances incorporation.  
However, as here observed degree of irreversibility of fluxes (counted by the ratio of the 
fluxes between two subsequent steps of same applied TMP and CFV) is negligible; so, the net 
effect can be considered as continuous maintaining of the resistance imposed by boundary layer 
thickness to a comparatively stable value via opposing the high TMP associated possible 
accumulation of the organic loads by balanced sweeping action of the associated increased 
CFV. So, an immediate deposit on the membrane surface just after the starting of the filtration 
process and further relatively constant accumulation (by concentration polarization, deposition) 
in the vicinity of the membrane along the experimental TMP (and CFV) range can be 
considered.  
During filtration of milk, a complex biological system having broad particle size 
distribution (PSD) (offered by proteins, fats, sugars and others constituents), the increment of 
the CFV in parallel of TMP increment serves by opposing TMP influenced additional 
accumulation of these particles near the membrane. Also, though the whole milk is not 
compressible, but there exist compressive nature in the milk constituents [126]; e.g. in case of 
casein micelle and fat, and can be of significant role in case of nature of the deposition (such as 
high degree of compaction within the deposit matrix) at elevated TMP and contribute for higher 
fouling. For instance, the high water content of the casein micelle refers them to have a colloidal 
microgel like structure which is deformable under the application of stress [127] and can 
undergo high compaction under stress imposed by filtration flux stream with causing high 
resistance to permeate flux. The same effect can be considered for the microfiltration of 
deformable fat globules and all of these are requires to overcome for maintaining a steady flux.  
Also, the degree of compaction in the concentration polarization and deposit layer are positively 
influenced by TMP, and consequently requires suppressing by sweeping action of high 
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tangential flow velocity. In addition, during filtration of milk loaded with bacteria, possible 
higher amount of deposition and higher degree of compaction in deposition adjacent to the 
membrane surface (while filtration at increased TMP but without increasing CFV) can cause the 
bacteria to be entrapped within the regions covered by the deposit, and thus able to increase the 
concentration polarization of the bacterial cells. Under such case, these partially immobilized 
bacteria can move forward towards the membrane pore by the actions of: mass growth of 
bacteria due to multiplication, forwarding of rod shape bacteria towards the membrane pore by 
the drag imposed by the permeation flow stream; and can possess possible high contributions 
for the bacterial leakage from retentate. So, considering the fast permeation rate and lowered 
possibility of the cell loss; aforementioned elevation of CFV in parallel of TMP increment was 
selected for cell harvesting experiments.  
4.2 Performance of concentration by TFF 
The main target of this section was to investigate the organic load removal performance 
during concentration of milk sample in TFF mode. In this context, a fixed amount of milk was 
concentrated and the removal performance of the organic components under different operating 
conditions was evaluated. Experiments were done at 3 different TMP with pre-mentioned 
parallel increment of the CFV and, degree of organic load removal and fouling characteristics 
were taken in consideration for performance assessment. 
4.2.1 Removal of organic load by TFF 
For analysis of organic load removal performance by concentration in TFF mode, 
removal of total protein and fat after volume reduction of the sample by filtration were 
considered [Figure 6]. Since, the sugar molecules are easily permeable due to very small size 
comparing to molecular weight cut off of the used membrane, imposing easy permeation, it was 
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Figure 6: Removal of total lipid during concentration by TFF at different experimental TMP. 
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The removal of the total protein after the end of concentration experiment was of 30.4%, 
33.57% and 43.70 % for the operating TMP of 0.05, 0.25 and 0.50 bar respectively. In parallel, 
only 50-60% of total fat was found to eliminate from the retentate [Figure 6].  However, this 
residual degree of organic load (which are well known for binding staining molecules and 
interfering with sample detection while using biosensor [128]) is not satisfactory for the smooth 
workability of the biosensor [129], [130].  
4.2.2 Flow, flux and hydrodynamics 
Concentration of the retentate was done to the maximum possible limit offered by the 
experimental setup and variation of flux along the progress of concentration factor, fouling 
behavior and recovery of the membrane were analyzed [Table 2]. The flow condition was 
maintained as discussed in section 4.1.  
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[m s -1 bar -1] [%] [minute] [-] 
0.05 0.67 
before use 0.00210 n.a. 
120 
 
3.1 after water wash 0.00140 67.0% 
after cleaning 0.00204 97.1% 
0.25 1.65 
before use 0.00252 n.a. 
38 3.4 after water wash 0.00214 84.93% 
after cleaning 0.00248 98.4% 
0.50 2.25 
before use 0.00171 n.a. 
9.5 
 
3.1 after water wash 0.00133 77.67% 

















































































Concentration Experiment at 0.05 bar




























































Concentration Experiment at 0.50 bar
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Figure 7: variation of flux and normalized flux (ratio of milk flux to water flux) along the progress of conbcentration during TFF of milk under diffrent TMP: 
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Figure 8:  variation of concentration factor  along the progress of TFF under different TMP.
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The experimental output is demonstrated in the figures [Figure 7 and Figure 8] 
indicating continuous decline of the membrane flux along the entire session of TFF for all the 
testing TMP which can be result of continuous deposition of substances on the membrane 
surface and accumulation in the vicinity of membrane. The lowering rate of flux was found to 
occur faster in case of filtration at elevated TMP [Figure 7 and Figure 8] indicating quicker 
fouling of the membrane during concentration at high TMP. The time requirement for obtaining 
a specific concentration factor was found to lower with the increment of the TMP which was 
due to increased flux at elevated TMP. Considering the main target of the work, since in case of 
filtration of bacteria loaded milk, observed increment of the fouling rate can be also further 
assisted with bacterial cell entrapment in the fouling layer, further possible easy undergoing of 
cell deformation and permeation from this region through the membrane by the drag force of the 
permeation stream [131]; based on these observed findings of fouling nature, the TFF 
experimentation can be considered not efficient for the isolation of cell with maintaining the cell 
wall integrity. Also, as this effect on cell is higher at elevated flux (result of high TMP) and 
fouling showed to be faster at elevated TMP, concentration experiments were kept limited 
within this experimental TMP range. It should be noted that, the fouling nature can be even 
faster in case of increment of the TMP without increasing the CFV. Based on observed smaller 
degree of solute removal from the milk under this concentration factor achieved, the 
concentration in TFF mode can be considered non effective for organic load removal from milk. 
A possible way of improving the performance can be use of high feed sample volume, but 
observed steady progress of fouling at elevated TMP and being very low flux at lower TMP, 
this approach will not only require pre-processing of the milk sample (e.g. dilution prior to 
concentration and need of additional additives for the possible better flux and elimination of the 
organic loads by TFF); but also associated with possible higher compensation of both the 
recoverable membrane permeability, increased effort and time requirement for recovery because 
of the prolonged fouling, and consequent lowered reusability. Because of the high mass of the 
organics in the retentate (while concentrating high volume of milk sample), it can result very 
high degree of concentration polarization and deposits of the organics adjacent to the membrane 
surface retarding forward flow of the organic matters, development of increased fouling during 
TMP induced permeations.  
 In addition to all these, while using bacteria loaded milk, effort for selective enrichment 
of the bacterial species by this approach can be of significant deficiencies because of gradual 
increment of the bulk concentration of bacteria in the retentate stream along the progress of TFF 
governing possible accumulation of the bacteria on the deposited layer on the membrane 
(resulting bio-fouling), agglomeration of the cells with entrapment of the organics within it. It 
can result in more lowering of organic load removal from retentate. Also, once the cell get 
trapped on the deposit, because of higher deforming shear force at high TMP, the EPS can be 
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released from the bacteria which can further interfere with the other constituents of medium 
matrix to influence the organic removal and enhance membrane fouling [132]. This higher 
concentration of the bacteria just near the membrane surface bears high potentiality for them to 
move through the membrane pore due to their cell wall flexibility, possible alignment of this rod 
shaped bacteria along the permeation stream at elevated permeation flux, bacterial motility of 
Listeria sp. once after entrapment in the pore; and by this manner, bacterial cell may transport 
from cake layer to the membrane permeate. Since, the diameter of the bacteria (0.45-0.50 µm) is 
almost similar to that of the average size of the membrane pore diameter (0.45 µm); entrapment 
of one edge of bacteria at the pore mouth is feasible which can further get permeated through 
the pore by the action of drag force of permeation stream. Meanwhile, obviously there are some 
pores in the membrane having higher diameter and in contact of them, the bacteria can be lost 
by permeation more easily [133] and this effect is more obvious in case of higher cell 
concentration in the vicinity of the membrane which can result while direct concentration of the 
cell suspension for prolonged time. All of these cell permeations increases with the increment of 
the required time for concentration; and as direct concentration of milk shows very fast fouling 
due to presence of organic loads and causes consequent higher required processing time, the cell 
loss while direct concentration of contaminated milk (without any purification to remove the 
organic load prior to concentration) can be higher. Also, higher cell accumulation in the 
membrane surface requires washing of the membrane to recover the cells [80] which is 
troublesome and imparts complexity in the process. In addition to high fouling by deposition of 
organic loads; due to higher possible biofouling, wash ability and reusability of the membrane 
declines and requires higher need of the more efficient sterilization prior to further use - 
contributing negatively on the number of possible experiment by per piece of membrane.  
All these condition sharply deviated out this filtration mode for using in efficient 
selective cell purification and concentration. Consequently, the DF step prior to concentration 
was taken in consideration to overcome these essential limitations of this process. Also, since 
the DF process works with simultaneous elimination of the solutes and consequent lowering of 
the bulk concentration of the solute by continuous addition of replacement buffer, the DF offers 
better experimental performance by different terms including: lowered concentration 
polarization [134], bringing more efficient desalting (as well as removal of inorganic and tinny 
molecules)  and exchange of the host buffer [135], higher adaptability with the biological 
samples by means of lowered deposition on the vicinity of membrane  [135], lowered fouling 
and high recoverable usability of membrane [136] with consequent optimized and lowered 
membrane area requirement [137], small  and easy adaptability for laboratory scale 
experimentation [138], high recovery as a primary step for the targets [139], maintaining the 
physico-chemical property, integrity and dispersion of the solutes because of addition of buffer 
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having identical pH and conductivity,  as well as well easy accessibility to industrial bio-
processing area [140] and so on. 
4.3 Performance of DF coupled with a concentration step  
4.3.1 Filtration configuration for organic load removal and cell concentration 
Membrane filtration is an unique separation system capable of offering simultaneous 
concentration and fractionation of species present in the retentate stream, and the DF process 
can be considered as an unique supportive example of this strategy. This aspect can be 
symbolize by [141] “Killing two birds with one stone” – and in our case, here, we employed 
DF process for the simultaneous removal of organic load from milk and retaining hosting 
bacterial cells within the system. Among the different type of conventionally used DF process, 
namely, volume-decreasing DF process [142] for removal of impurity from liquid suspension 
medium with continuous decline of the net volume by means of buffer addition at a fractional 
rate of the permeation [143]; constant volume DF process of maintaining the constant retentate 
volume by addition of buffer at a rate equal to that of permeation [144]; batch DF operated with 
addition of buffer up to the initial volume of the sample when the feed volumes went down to a 
specific level [123] and so on; in our experiment, targeting on the minimized bacterial and 
organic species accumulation in the vicinity of the membrane during experimental session 
(associated with the potential to cause the high fouling and cell permeations), continuous 
constant volume DF was selected for the purification of the bacteria from the complex milk 
matrix. By lowered accumulation in the vicinity of the membrane due to continuous lowering of 
the bulk concentrations due to permeations and maintaining constant volume of the retentate; 
this selected approach bears the potentiality of offering less bacteria to be permeated by means 
of motility, mass growth rate, further forwarding along the permeate and within pores (accessed 
by convection resulted drag force, motility once after entrapment in the pore and/or by the 
combined action of multiple of these). In addition, increment of CFV was done in parallel of 
TMP increment for more lowering of the concentration polarization. By cell purification 
through this way, we believe to minimize the higher concentration of the bacteria near the 
membrane during the DF process and consequent lowered entrapment in the cake layer and/or 
forwarding with the convection stream towards the membrane pore to maintain minimized 
bacterial leakage. Once the cell purification is done, further mass volumetric concentration of 
the recovered bacteria was done by the concentration in TFF mode as it was found to be a fast 
process for elimination of the solvent from this complex medium even in presence of other 
constituents of the milk matrix [Section 4.2.1 and 4.2.2]. It also bears the capacity for some 
additional residual organic load removal. But, when the TFF is applied alone, it failed to 
effectively remove the organic load because of high concentration of organic load been present 
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in retentate. Here in this work, at first, assessment of organic removal and hydrodynamic 
performance of aforementioned DF process was done for non-contaminated milk. Afterwards 
same experiments were replicated with the same milk, but after well controlled enrichment with 
the analyzing model bacteria (Listeria innocua) and the effect of cell loading on the filtration 
performance were studied. Quantification of species accumulated on the membrane surface was 
done by the mass balance of those respective organic compounds after completion of filtration 
experiment. These measurements were cross checked with the value derived from model 
equations [section 2.1] describing the time dependent permeations of the individual species. 
Analysis of protein, fat and sugars were done as distinct quantity as they are present in the major 
proportion. The removal performance of the other residuals (and trace contributor) components 
were evaluated indirectly as a whole by the overall buffer capacity estimations, as  the  
magnitude of this parameter is a function of compositional factors including small constituents 
(inorganic phosphate, citrate, organic acids), milk proteins (caseins and whey proteins) and 
others [115], [145]; and this parameter possesses the capability to indicate of the respective 
compositional change.   
 
4.3.2 Removal of organic load by constant volume DF 
The DF of contaminated [Figure 9] and non-contaminated milk [Figure 10] showed the 
steady lowering of the total protein concentration in the retentate along the progress of DF. The 
aim was focused to analyze the influence of TMP on the trend, fastness and net amount of 
protein removal during DF where all the experimental TMP was associated with the respective 
CFV, applied by the action of the feed pump as mentioned earlier. Also, whether the DF 
performance is pressure depended or not, how the permeations of the proteins are influencing by 
the TMP, required DF time and diavolumes for a specific amount of protein removal, influence 
of cells (when present in the milk matrix) on the rejection properties of total organics and 
fouling behaviors to get idea of any possible interaction between cells with the other organic 
constituents of milk and the membrane were studied. 
From these experimental plots [Figure 9 - Figure 10], it’s evident about the high 
efficiency of this DF process for fast (high removal within 6 diavolumes, operation at flux 
higher than that for the concentration in TFF mode), efficient and effective lowering of the total 
proteins from the medium and effective replacement of the solvent by the replacement buffer. 
From the nature of the concentration profile in the retentate side, its evident about the time (and 
diavolumes) depended organic removal from the retentate. Both the transmission and protein 
removal rate is very fast at the beginning which is found to decline along time. Also, the similar 
natures of transmission and removal rate from the retentate were found for other organics 
(discussed later). A possible reason can be the gradual lowering of the respective bulk 
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concentration in the retentate solution, and consequent lowering of the solute concentration in 
the vicinity of the membrane surface. This in turn lowers the permeation rate of respective 
species via lowered exposure and influence of that species to the permeation streams. In 
parallel, as the transmission is positively correlated with the concentration of the species 
[section 2.1] in the retentate, the transmission followed the similar nature.  
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Figure 11: Variation of Transmission along the progress of DF: (a) non-contaminated milk and 
(b) contaminated milk. 
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Both the contaminated and non-contaminated milk showed good fitting with the model 
developed in the section 2.1. In addition, the organic charge removal and buffer replacement 
characteristics of DF process were found identical for both contaminated and non-contaminated 
milk. This replacement of the solvent by the buffer, as demonstrated in the later sections, is 
representative of the identical elimination nature of the dissolved components from the sample. 
The obtained values of model parameters after treating of experimental protein removal data’s 
with the developed model are tabulated in Table 3 - Table 4.  



















0.05 0.3473 0.05473 0.0098 0.38 325.22 Laminar  
0.25 1.1692 0.07283 0.0191 0.54 1094.80 Laminar 
0.36 1.4008 0.11811 0.0201 0.64 1311.63 Laminar 
0.50 1.6293 0.00888 0.0224 0.68 1525.65 Laminar 
1.00 2.2895 0.16013 0.0290 0.88 2143.79 Laminar 
 




















0.05 0.3473 0.04672 0.010 0.40 325.22 Laminar  
0.25 1.1692 0.06482 0.018 0.55 1094.80 Laminar 
0.50 1.6293 0.09246 0.023 0.70 1463.26 Laminar 
0.65 1.8106 0.12434 0.026 0.83 1695.34 Laminar 
  i   
: the ‘m’ values were determined by the fitting of the model equations described in theory section. 
  ii  
: the ‘  values were determined by the fitting of the model equations described in theory section. 
  iii 
: the values was determined by the commutative mass balance. 
From these, it’s evident about the strong dependence of the TMP (associated with 
respective CFV) on the amount of total protein removal from the feed side at any diavolumes 
[Figure 12 (a)]. Also, the organic load removal was found faster while performing DF at higher 
TMP a quantified view of which can be observed from the parameter “m” values. Higher “m” 
values are representative for the faster permeation of the concentrated analyzing species from 
the retentate side [section 2.1]. This higher removal rate of the organic constituents from the 
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milk sample at elevated TMP can be considered to be the consequence of observed increased 
permeation flux of the milk serum through the membrane at elevated TMP (discussed in later 
sections), and corresponding positive influence of increased flux on the suspended organic 
compounds permeation due to increased induced drag force by permeate stream. Also, as 
predicted from the plots and summarized in Table 4 and Table 5, concentration of protein in the 
permeate obtained just after commencing of the DF process was found to increases with the 
increment of the TMP, indicating the DF process is working in the pressure depended mode and 
the efforts for increment of TMP will serve for faster permeation of the organic loads from the 
feed side. However, within the used range of TMP and CFV in this experiment, this effect was 
not linear and the influence was found to gradually flatten with the increment of the TMP values 
[Figure 12 (b)]. Also, based on the modeling equations and the simulations done by using the 
Microsoft excels [101] and Matlab [100] with the experimental data, and from Table 4 - Table 
5,  it’s reasonable enough to consider non significant dependency of the bacterial load on the 
total protein removal performance during DF process (since, both the “m” and  
values are identical for the contaminated and non contaminated milk under identical operational 
conditions). Consequently, as there was no observed influence of the cell on the total protein 
removal, the permeation nature was considered identical for the lipid and sugar too; and the 
lipid and sugar removal data obtained for the experimentation with non-contaminated milk was 
considered equivalent with those of the contaminated milk.  
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Figure 12: influence of TMP on: (a) the total protein removal at a certain diavolumes 
(diavolumes = 4.00), (b) influence on ‘m’ and (c) influence on            
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Also analysis transmission nature, fouling at different stages in the DF process and 
membrane recovery after washing showed identical variation along diavolumes for both the 
contaminated and non contaminated milk suggesting non existence of efficient and significant 
interaction between the cell and milk constituents to influence the rejection properties. It can be 
considered as an evidence of not enough secretions of extracellular proteins and EPS 
polysaccharide which can be released by the bacteria to generally cause interaction with these 
constituents and membrane [132], [146]–[149], [150], [151] during such filtration process. 
Consequently, the physicochemical interactions between the suspended organic components in 
the serum can be considered not to be significantly altered between the contaminated and non 
contaminated milk. Also, the interaction between the cell and milk constituents can be neglected 
in the same way [152], [153]. The reason for non significant EPS release can be the lower 
retention time of the cell in the filtration system than that required by the cells for EPS proteins 
and polysaccharide secretions. In addition, the required time for the effective biofilms 
formation, a multi cellular layer of adherent bacteria surrounded by a matrix of extracellular 
polysaccharide [154], is much higher [155] than the duration of this experiment with this 
bacteria. During these short period, processing of the Listeria innocua rich milk was done 
before significant secretion of EPS by the cells [131], for which negligible deviations (with 
respect to that of the non contaminated milk) of the membrane permeability recovery after water 
wash was also observed.  As there was no significant contribution on the filtration performance 
after cell incorporation, the consideration of same removal characteristics in contaminated and 
non contaminated milk filtration was considerable for the lipid and sugar. The condition is 
especially demanded for the determination of the true concentration of sugar as in case of 
contaminated milk, respective experimental measurements of sugars can be significantly altered 
during the experimental session by the activity of the bacteria [156]–[160]. Also, using bacteria 
rich sample can irreversibly contaminate and deteriorate the HPLC columns generally used for 
the sugar assay, and can also contribute the error in estimation by the consumption of sugar 
during prolonged analytical session of sugar assay. Even the cells are killed prior the 
estimations, the dead cell can also contribute for significant inconsistency.  
However, some positive deviations (higher than the theoretical estimation) in the 
observed net transmission values at higher diavolumes can be due to rapid flux increment while 
filtrations at elevated TMP, which may cause the comparative higher protein concentration in 
permeate and consequent higher transmission value. Here, it should be noted that, the flux 
increment is faster in case of high TMP operation [Figure 19 to Figure 20]. Observed 
diavolumes (and hence time) depended rejection coefficient can be because of continuous 
lowering of the extent concentration polarization, varying accumulation of the constituents in 
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the vicinity of the membrane altogether with the impact of increasing flux as discussed earlier, 
and accordingly, the transmission lowered along the progress of DF. The overall transmission 
value at any diavolumes was found higher for the DF at elevated TMP which can be because of 
the higher drag force induced permeations by observed elevated flux at high TMP. The 
observed positive dependence of the rate defining parameter “m” on TMP [Figure 12 (c)] can 
be a supportive strand in this aspect. From Table 3 and Table 4, for both the contaminated and 
non-contaminated milk, ultimate protein accumulation on membrane was found to increase with 
increment of TMP, which may be possibly due to higher penetration of the proteins in the 
membrane matrix because of observed faster permeation rates of proteins at elevated TMP, and 
consequent possible entrapment of some proteins in very narrow pores as well as possible 
deterioration of the conformation (denaturation and gelation) [161]–[164], [127] of the molecule 
by high induced shear force resulted by the high flux and thus gaining more adsorption capacity 
than that for the initial.   
In case of total lipid, the cumulative removal and rate at which the lipid is removed 
from the retentate was found to increase with the increment of the TMP [Figure 14]. But the 
removal rate and extent of removal was found lower than that for protein. Total fat removal was 
found maximum at 0.65 bar of TMP when about 60 % of the total lipid initially present was 
found to permeate which is considerably small comparing to the more than 92 % of protein 
removal under all the experimental TMP. Also, the “m” and  values were found lower in 
case of lipid permeations but it showed the similar dependence on TMP as was in case of 
protein [Figure 13]. This lower  removal of fat may be due to presence of the significant 
fraction fat in the globular form having diameter higher than that of the average pore size of the 
membrane [165]. Even though, there may be some fat globule permeated under increased drag 
force resulted (imposed by permeation stream) possible deformation [166]–[169] once after 
getting in contact with free membrane pore. Also, the rated membrane pore size (0.45 µm) is the 
mean of the pore size distribution estimated by conventional methods and there are always some 
pores having diameter higher than this reported average [170], [171], [171], [172]. 
Consequently, there is chances for enhanced lipid removal from the milk by more increasing the 
TMP but, the higher observed leakage of the cells through the membrane after this TMP (as 
discussed in the later section) limited such action to take. Moreover, in our experiment, the flow 
is laminar and so, there is no turbulence enhanced fragmentation of the large fat globules to be 
cut into smaller fragments which can assist lipid permeations. But, the residual fat in retentate is 
low enough to be separated by additional centrifugation of the concentrated sample. In this 
context, an alternative option can be multi staged membrane pore size based fractionation 
methods (step wise permeation of the analyzing milk sample in a series of membrane filtration 
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with respective size based recovery of species in individual filtration steps), but is troublesome 
as well as critical during implementation for the pathogenic species rich samples because of 
exposure. Also, the losses of species in each step can add the higher deviation and dominant 
error for the final quantification of initial number of bacteria which was present in the sample: 
the main target goal. Consequently, the developed and demonstrated approach of fat removal 
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Figure 13: Dependence of “m” and         
 on the TMP in removal of total lipid by DF. 
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Total lipid  Removal: TMP = 0.50 bar
Theoritical Fat in permeate [gm/L] Theoritical Transmission x10 
Fat_avg [gm/100 ml] Theoritical Fat concentartion[gm/L]
Fat in permeate [gm/L] ObservedTransmission x10
(b)(a)
Figure 14: Removal of total lipid from the retentate    side for during DF of non-contaminated 
milk under  different TMP. 
Removal of sugar [Table 5] was fastest among the observed organic load removal rates 
(“m” values ranging from 0.80 to 0.98) and was most effectively removed. It may be because of 
the very low size of the sugar molecules than the MWCO of the used membrane. Also, some 
affinity of the sugar molecule towards the other constituents of used milk (during presence in 
the serum), and homogeneous presence of all the residual sugar in the serum can assist this easy 
and fast permeation. Also, as these molecules (sugars) have lower affinity for the used 
membrane and broadness of membrane pore size does not affect the permeation of sugars  due 
to their very low molecular weight [173]-[174], their permeation is more preferential than 
retention and accumulation on the membrane. However, the removal rate gradually lowers along 
the progress of DF which is due to the gradual lowering of the sugar (and also for other 
constituents analyzed) concentration in the vicinity of membrane along the progress of DF as 
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Derived kinetic parameters of sugar removal
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Figure 15: Removal of sugar from the Retentate side at different TMP. 
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Table 5: Removal of total sugars from the retentate    by DF of non-contaminated milk.  








Sugar in  membrane (in 
deposited layer)  iii  
[gm] 
0.25 34.00 0.80 91.80% 0.0047 
0.50 35.00 0.92 92.20% 0.0074 
0.65 36.00 0.98 92.24% 0.0076 
  i   
: the ‘m’ values were determined by the fitting of the model equations described in theory section.  
  ii  
: the ‘ ’ values were determined by the fitting of the model equations described in theory section. 
  iii 
: the values was determined by the commutative mass balance. 
Regarding to the accumulation of the organic substances on the membrane, a sharp 
lowering of the accumulated mass of protein and sugar in the membrane surface along the 
progress of DF was observed. The accumulation of fatty component on the membrane was 
found almost stable along the progress of DF (discussed and showed in section 4.6).  The 
accumulation of a species on the membrane was calculated by the respective mass balance. The 
difference between protein losses from the retentate and accumulation in permeate, which is 
corresponding to the protein accumulation in the membrane, was found to increase with 
increment of the applied TMP. The elevated protein accumulation on the membrane at high 
TMP [Table 3 and Table 4] can be because of the propagation of the accumulated proteins 
within the membrane matrix (pores) and compaction of the adsorbed layer due to observed high 
permeation rate (discussed in section 4.6) related convective drag force. But, in all the cases, the 
protein accumulation on the membrane surface was trace comparing to that of the net initial 
amount present in the milk sample (concentration = 34 grams of protein /Litre of milk sample). 
However, protein accumulation profile of Figure 21 showed the steady lowering of 
accumulated protein in the membrane along time which can be because of time and bulk 
concentration dependence of adsorption rate of the species on the membrane. At the beginning 
of the filtration, because of the high concentration of the protein in the retentate side, the protein 
adsorption is faster which lowers sharply because of the steady lowering of bulk protein 
concentration at a rate depending on the permeation rate of the protein and the hydrodynamics 
involved. This resulted lowering of bulk concentration may cause continuous desorption of 
proteins initially adsorbed on the membrane surface until the end of the filtration process. 
Though the adsorption of the proteins on used slightly negatively charged regenerated cellulose 
membrane is pH depended (as the membrane bears higher hydrophilicity and zeta potential at 
lowered pH), but, since, the pH was maintained to the initial level by means of buffer (of same 
pH as of milk serum (6.7±0.3)), there was no pH influenced variation on the protein adsorption 
during the entire experimental session. Also, considering the protein adsorption is faster and of 
high extent at lowered pH [175], this stable operating pH may be a contributor for observed low 
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protein adsorption. In addition, as in all the cases, the DF time was lower than that required for 
adsorption equilibrium establishment (generally 4-10 hours [176], [177]) for different proteins 
present [175], the adsorbed protein fraction can be lower. All the experiments are done under 
same bulk area of membrane and reported comparative results here are also based on bulk 
membrane area. The true area revealed from the BET adsorption can be used for the further 
quantification of relative blocking of the true surface area. In this case, as the proteins are much 
bigger than the N2 molecules,  consideration of a fractional lowering of the area is required to 
get the more realistic pattern [175]. More details on the variation of the accumulated protein in 
the membrane along DF progress are discussed in later section.  
The observed very low sugar accumulation in deposit on the membrane [Table 5] (it is 
reasonable to consider the no sugar adsorption on the membrane due to from the nature of the 
polymer used in the membrane) can be the consequence of continuous washing up of the sugar 
from the deposit by the permeate streams. Also, because of the lowering of the sugar 
concentration in the bulk, continuous back diffusion can also contribute for the lowered sugar 
adsorption in the membrane. The comparatively higher TMP independence of the ultimate 
amount of adsorbed sugar in the membrane (comparing to that of proteins and fats) can be 
because of very fast permeations (“m” values ranging from 0.80 to 0.98) which allows lower 
residual sugars left at the course of DF.  
The accumulation of the lipids in the membrane after DF experiments was higher which 
can be because of the physical deposition of larger fat globules on the membrane assisted by 
drag force of permeation stream. Also, as lipids are most retaining species in our experiments 
with very low permeation rates (“m” values found to range from 0.03 to 0.07 along the 
experimental conditions); their contribution on the deposition can be comparatively higher. But 
this deposition is mostly reversible in nature as higher degree of recovery in hydraulic 
membrane permeability was achieved by water wash after use of membrane. Also, since the 
lowering of the fat concentration in the bulk (at retentate side) in all the DF experiment was 
minimum, the back transport to the bulk by concentration gradient is also very low (further 
supported by higher size of the fat globules) and may contribute for this accumulation at higher 
proportion on the membrane.  
4.4 Variation of buffering capacity 
The comparative plot of alteration of buffer capacity of the milk after and prior to DF 
[Figure 16] can be used to illustrate the efficiency of used DF process for overall removal of the 
organic and inorganic loads from the milk matrix. The buffer capacity showed by the milk after 
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DF was almost similar with that of the pure replacement buffer used and significantly lower 
than that of the milk before DF [Figure 16]. As milk possesses its own buffer capacity based on 
the minerals, vitamins, salts, acid-base and other compounds; effective removal of them by 
replacement buffer will alter the original buffer capacity of the milk. These constituents are the 
main concerns which interact with the sensory properties of the bacterial sensor by their 
physico-chemical characteristics, harness the sensitivity and performance of the bio-sensor, and 
thus require confirming about their removal prior to use of bio-sensor. A summarized view of 
the buffering contributor is showed in [Table 6]. After the removal of the proteins been 
confirmed by the protein assay, this buffer capacity alteration can be used to identify the bulk 
removal of the residual phosphate, carbonate, citrate, lactate and other salts. The milk, when is 
richer in fat, lactose, protein (especially caseins) and minerals such as calcium, magnesium and 
inorganic phosphate; is reported to be of higher buffer capacity because of the inherency of 
acidification properties [178]. The effect is also well established for different other biological 
fluids [179]. During buffer capacity estimations, the molecular changes induced by the addition 
of the acid in milk includes acidification, protonation of acid groups including de-mineralization 
of casein and decrease of solubility, hydration and zeta potential influence of caseins, 
interactions with all other constituents are most described in the deferent research results [180]–
[189], and is representative of the components which are present in the matrix as well as their 
respective proportions. The fast decline of buffer capacity can be considered for very fast 
elimination of inorganic phosphate [190], imparting considerable buffering capacity on milk, at 
the earlier stages of the DF because of their very low molecular weight. Though the addition of 
the acidic components causes the casein aggregation and precipitation at the lowered pH (4.6) 
assisted by other respective components present; but during this acidification of the retentate 
samples, there was no observed precipitation in the diafiltered samples which can be because of 
the effective respective removals during DF. It is representative of minerals elimination during 
the process which was able to assist this precipitation of the residuals.  
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Figure 16: Buffer capacity of the unused milk and the final retentate [final retentate    after DF 
at 0.25 bar, the entire remaining DF showed similar conditions]. 
 
Table 6: Contribution of milk constituents to its overall buffering capacity (reported by different 
Authors). 
[191] [118] [192] 












4.5 Change of viscosity during DF  
There was sharp variation of the retentate viscosity along the progress of DF [Figure 
17]. The viscosity of water (0.91 ± 0.07 Centipoise) is much smaller than that for the used semi 
skimmed milk (1.90 ± 0.2 Centipoise) for which continuous replacement of the milk 
constituents and serum with exchange buffer leads the retentate sample towards lower viscosity 
state during DF.  
The viscosity is correlated with the Reynolds number and permeation flux, the resulted 
lowered viscosity causes increment of Reynolds number [193] and can contribute for increment 
of the permeation flux [194]; thus bears high significance on the process performance. Viscosity 
of the milk is contributed by the composition and interaction between constituents of milk 
 
Page 57 of 91 
 
matrix, but because of the continuous elimination of these milk constituents from the retentate 
side, the viscosity of the circulating sample in the retentate loop gradually declines. This decline 
of viscosity of the retentate sample contributes for the increment of the permeation flux and 
bears the capability of concentration polarization lowering during filtration [195]–[197]. Also, it 
can significantly contribute on the permeation natures of the species and contributes for lower 
possibilities of colloids and other suspended particles to foul high flux MF membranes. In 
addition, it can affect the retention of desirable and undesirable solutes [198]. So, this alteration 
of the viscosity of the processing retentate fluid during DF with MF membrane can be of 
significant impact on the process performance characteristic.  
However, the observed variation of the viscosity with the progress of DF (in term of 
diavolumes) [Figure 17] is a sharp demonstration of efficient elimination of the target 
components from the milk matrix since the viscosity of milk is mainly constituted by the fat, 
total proteins and other compounds been present there altogether with their physico chemical 
interactions [199]. Elimination of these constituents shifts the system to a lower viscosity state. 
In addition, while processing, viscosity of milk also influences the shear stress involved because 
of the increment of CFV [200], [201]. With the increment of the shear rate, the deformable (e.g. 
fat globules) constituents been present there may deform to get well aligned along the stress, 
and also denaturation of proteins can occur. In addition, the viscosity is also influenced by the 
bacterial activity on the milk (in presence). The adulteration of the milk associated with the 
bacterial interactions may result in the adsorption of oxygen and nitrogen, and cause a decline in 
the dissolved carbon dioxide level. Solubility and equilibrium of the salts can also get changed 
in some extent. Fat globule can agglomerate in some amount and can get phase separated, 
leaving some cream layer at the surface based on the extent of adulteration. The denaturation of 
proteins and the influence on the fat is rather slow process making the impact to be significant 
with the passing of time. But, no observed significant variation between the initial viscosities 
among samples of used milk confirms absence of such bacterial interference to occur. To 
maintain this, in all the experimentations, milk were used within the shortest possible times after 
controlled incubation of bacteria, consequently had not expected and observed any significant 
change in the viscosity by bacterial enrichment of the milk. Also, continual depletion of the 
dissolved gases, which is function of the living cell and their growth rates, was rather reasonable 
to neglect because of the slower nature of these influencing process comparing to the fast 
sessions of experiments. 
In case of the full milk, the major contributors of the viscosity are fats and viscosity 
value is mainly governed by total fat concentration. Consequently it’s always higher for the 
whole bovine milk (3.85 to 4.85 % of fat) than that for the semi skimmed and skimmed milk. 
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The viscosity of the skimmed milk is almost similar to that of the skim after the elimination of 
the compressible fat globules.  In our case, the semi skimmed milk bears the viscosity governed 
by the fat contents, the proteins and other inorganic constituents altogether with their 
configurations and interactions. The contribution on viscosity by the other major components, 
sugars, existing at the concentration of 4.6 %, is almost zero [202]. So, the net change in the 
viscosity that we observe here is by the alteration of the fat and protein constituents and to some 
extent, by the modified interaction due to compositional change of vitamins, minerals and other 
interfering constituents based on their own retention time in the retentate. The trend of the 
viscosity variation with progress of DF is well consisted with some other experimental evidence 
reported by [202], and the observed nature of the viscosity decline with the dilution and 
elimination of the constituents from the milk is unswerving with that for the three different milk 
studied by the same authors. The observed relative exponential dependency of viscosity on 
diavolumes [Figure 17] can be because of the exponential elimination of the proteins and fats 
from the retentate along the progress of diavolumes. However, after the end of DF, the effective 
removal of the species was associated with final viscosity of the retentate having magnitude 
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Figure 17: Viscosity at different stages during the progress of DF process. 
 
 

















































Variation of the viscocity of the final solutions after DF
Viscosity [Centi Poise] × 10 Diavolume till analysis [-]
 
Figure 18: final viscosity after DF at different applied TMP. 
4.6 Flow, flux and hydrodynamics 
The variation of permeation flux along the progress DF and TFF of milk under different 
TMP is showed in Figure 19 - Figure 20. In all the experimental cases, the flow was laminar 
(Reynolds number < 2300), TMP was almost constant and all other respective experimental 
conditions were kept identical for both the contaminated and non contaminated milk.  
Observed increased permeation flux while the DF at elevated TMP was the consequence of 
the higher driving force for solvent permeation and lowered deposition related permeation 
resistance at increased CFV. The immediate normalized flux (ratio of flux obtained with milk to 
that for distilled water) obtained just after the commencing of DF was identical with that for 
respective TMP-CFV pairs as obtained in section 4.1. But, afterwards the flux was found to 
gradually increase with time, rate of which was found higher for the DF at elevated TMP. For 
DF at high TMP, the flux increased sharply along progress of DF until achieving a plateau 
followed by lowering of the permeation flux ([Figure 20] (for non contaminated milk) and 
[Figure 19] (for contaminated milk)). During the TFF stage, the gradual lowering of the 
permeation was observed extent of which was higher at high TMP operation.  
Gradual lowering of retentate viscosities with the increment of the diavolumes [Figure 21] 
can be vital reason for this continuous increment of the flux along the progress of diavolumes as 
the flux is inversely related with the viscosity. This lowering of viscosity is consequence of 
continuous elimination of the organic loads from the milk matrix along the progress of DF 
[203]. In addition, as shown in the Figure 21 (c), the sharp lowering of accumulated protein in 
the membrane can also contribute for the continuous increment of the permeation flux.  The 
possible reason for this lowering of accumulated mass of proteins on the membrane may be 
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fragmentation of the deposited casein micelles (accumulated on the membrane surface at the 
earlier stage of DF) caused by the elimination of the calcium ion (Ca
2+
) from their core and 
consequent conversion to very small and easily permeable sub micelle, and thus lowering the 
filtration resistance contributed by accumulated protein on the membrane. As this effect is not 
immediate and proceeds along time (and diavolumes) by continuous elimination of the core 
calcium’s from the micelle by developed osmotic pressure [204] due to the elimination of 
calcium from the bulk retentate stream, the effect of protein dissociation on filtration flux is 
time depended. In addition, in our case, used MF has a mean pore size of 0.45 µm which may 
undergo these mechanisms very fast due to exerted high drag force of permeation stream on 
adsorbed and deposited casein. This mechanisms can be further supported by the reported 
experiment of [205] and [206]. The accumulated protein in the membrane is represented with 
respective flux at different diavolumes in Figure 21. The more details on the mechanism of 
casein micelles dissociation (mean diameter of 50-300 nm) to sub-micelles (having mean 
diameter of 2-3 nm) can be found elsewhere [207], [208]. It can be the governing process for the 
lowered casein dissociation as there was no significant temperature change during the 
experiment (25-29 
o
C) for causing such fragmentation. This dissociation of the adsorbed micelle 
and further permeation in the form of sub-micelle may also contribute for the observed lowered 
amount protein accumulation on the membrane after DF. Though, together with the casein 
proteins, whey proteins can also contributes for the gel-like deposit adjacent to the membrane 
surface, but the very small sizes of whey protein (comparing to the average membrane pore 
size) allows their easy permeations from there along times. The observed lowering of the 
permeation flux after reaching the maximum [Figure 14] may be contributed by the irreversible 
fouling by the adsorption of accumulated fat, and proteins on the membrane [Figure 21]. Also, 
the increased flux at such stage (of high diavolumes) may assist the penetration of the 
deformable fat globules [209], [210] on the membrane pores by the higher drag force resulted 
from high permeation rate, block the pores and contribute for this observed lowering of flux. 
The observed trend was similar for the DF with contaminated and non contaminated milk. 
However, the deposition of the fat on the membrane undergone minimum lowering along the 
progress of DF, thus offered negligible contribution for the increment of flux. Accumulation of 
sugar on the membrane was found to be very small which can be because of very small size of 
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Figure 19: behaviour of the flux with progress of DF of contaminated milk: (a) DF at TMP of 
0.05 bar, (b) TFF after DF at 0.05 bar; (c) DF at TMP of 0.25 bar, (b) TFF after DF at 0.25 bar, 
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(e) DF at  TMP of 0.375 bar, (f) TFF after DF at 0.375 bar; (g) DF at TMP of 0.50 bar, (h) TFF 
after DF at 0.50 bar, (i) DF at TMP of 1.00 bar and (j) TFF after DF at TMP of 1.00 bar. 
 

















































Figure 20: Normalized Flux versus Dia volume while DF (non contaminated milk) 
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Figure 21: The variation of: (a)  permeate flux , (b) viscosity in the retentate side, (c) protein 
and (d) fat accumualtion in the membrane along diavolumes for DF at 0.25 bar of TMP. 
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After using the membranes, it was possible to recover the permeability to a significant level (a 
minimum recovery of 90%) indicating the reusability of the membranes for multiple 
experimentation and testing purpose. Contribution of different resistances on the total resistance 
at different stages of DF of contaminated milk under different applied TMP’s is tabulated in 
Table 7.   
Table 7: Relative contributions of the reversible and irreversible resistances in the total resistance and 
observed fouling at different operational TMP’s. 
TMP Normalized resistances [%] Recovery [%] 
[bar] Rirreversable/Rfoulant Rreversable/Rfoulant 
 
0.05 4.75% 29.93% 93.2% 
0.25 10.27% 12.42% 88.3% 
0.38 1.41% 32.33% 97.9% 
0.50 6.69% 37.68% 89.3% 





















































Different resistances at different stage while DF
R _ membrane [m-1] R _ total [m-1]
R _ final [m-1] R _ irreversable [m-1]
R _ reversable [m-1] R _ conc. Pol. [m-1]
 
Figure 22: Different resistances at different stage while performing DF-TFF of contaminated 
milk; R_membrane,  R_final, R_total,  R_reversable, R_irreversable, R_conc.pol.  Are the 
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contribution on the resistance by membrane intrinsic property, residual fouling after washing, 
total resistance after DF, fouling by reversable deposition (removable by water wash), fouling 
by iereversable deposition (removable by chemical wash), and fouling by concentration 
polarization respectively  (the measurements for the Resistance by concentration polarization is 
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5 Harvesting of bacteria by the DF process 
Though more efficient is the observed organic load removal from milk by DF at elevated 
TMP, but for retaining the cells using microfiltration membrane, system always requires the 
optimization based on efficiency of cell harvesting [211]. In this section, the cell harvesting 
efficiency is checked under different experimental conditions. It was considered that, though the 
cells are in growth phase, the difference between specific growth rates in the retentate and 
permeate side was not high enough to consider as different entity. Also, since the time length 
from loading the milk with cells to time of doing the cell count analysis was kept same in all the 
cases, no significant contribution by the cell growth in cell recovery during experimentations 
was considered. In addition, the experiments were done within shortest possible time (lower 
than lag phase length) after loading of milk with bacteria for opposing cell growth effect during 
filtration. 
 
5.1 Effect of TMP on cell retention during DF and concentration step 
The performance parameter for retaining the bacteria on test sample for both the DF and 
TFF steps was assessed by the Log reduction value (LRV) [Equation 22], a mathematical term 
(representing "log increase") demonstrating the relative number of alive microbes permeated 
from the milk sample during filtration. From the definition [Equation 23], for a specific 
diavolumes (in case of purification step) or concentration factor (in case concentration step), the 
increment of LRV indicates higher retention of the bacteria and thus better cell harvesting 
efficiency. The experimental outcomes are represented in Figure 23 and Figure 24. Also, in 
parallel, overall cell recovery is quantified to demonstrate the cell gained for further 
quantification by biosensor.   
As discussed in the methodology section, for isolation of the concentrated cells from 
contaminated milk samples, selective enrichment of the cells was done by DF step with 
subsequent volume reduction by concentration step. In both of the stages, the LRV and the 
losses of cells from the retentate side was found to depend significantly on the applied TMP 
(and hence on fluxes) [Figure 23]. At lowest operated TMP within the experimental range (0.05 
bar), the LRV was found to be minimum indicating the maximum loss (and hence permeation) 
of the bacteria (72.52%) from the testing milk sample [Figure 23 (b)]. Further increment of the 
TMP showed sharp lowering of the bacterial losses through the membrane and can be 
considered as continued until a TMP value of 0.25 bar, followed by stable cell loss until 0.50 
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bar of TMP. Afterwards, more increment of TMP showed lowering of cell recovery (but at 
comparatively slower rate than that for LRV increment rate at low TMP region). The overall 
trend was found similar in both the cell purification and concentration step; but, in all the 
experimental TMP conditions, the LRV values were found higher for the concentration step 
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TMP [bar] versus LRV Concentration step
During concentration (by TFF step)
During cell enrichment step (by DF step)
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Figure 23: (a) variation of LRV with operational TMP for the DF mode (--) and during concentration 
mode (--); (b) variation of the % of cell looses during the selective cell enrichment session of the 
bacteria by DF () and during the concentration mode (). 
As discussed earlier, there was formation of cake layer on the membrane surface and 
concentration polarization just after starting of the filtration process. The thicknesses of these 
layers are function of TMP and shear force exerted by the CFV of flowing stream. From the 
observed effects of their imparted resistances [Figure 22], resistance by concentration 
polarization is appeared maximum at TMP of 0.05 bar with gradual lowering afterwards. The 
concentration polarization effect can be considered almost stable for the TMP’s above 0.25 bar. 
It can affect the contact of cell and membrane pore in three ways – 1) the lowered degree of 
mass accumulation in the vicinity can offer lower resistance for the cell to get contact with the 
membrane pores, 2) very high concentration polarization at 0.05 bar may work for the higher 
retention of the cells in this massive accumulated layer which can forward to the membrane by 
different transport modes of cell itself, and 3) the relative compactness of these layers can 
contribute in different way on cell-membrane contact. However, as discussed in the section of 
the flow, flux and hydrodynamics, effort were made to increase the CFV in parallel of the 
increment of the TMP with main target of lowering of deposit layer thickness and concentration 
polarization as there was immediate formation of the deposit layer after starting of the filtration. 
This resulted lowered mass accumulation adjacent to the membrane can offer lower retention 
time of the cell (by lowering of entrapment in this accumulated layer of fats and proteins) to be 
present in such region, consequently lowers the frequency of cells comes in contact of the 
membrane and membrane pores (average pore size of the membrane is 0.45 µm and smallest 
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dimension of the rod shape cell (diameter) is 0.45-0.50 µm). By this way, during the session of 
DF step, number of the propagating bacteria may come to the membrane pore mouth, 
immobilized at the pores and can exist in the membrane matrix. From this stage, just after the 
entrapment of bacteria with a pore, further cell division will allow it to propagate through 
membrane filter matrix.  These growing cells bears the potentiality of adaptation with the local 
morphology because of wall flexibility, and it will contribute for the easiness of the permeation 
too. It can be better explained as bacterial infiltration which can be defined as growth resulted 
mass flux of the bacteria through the membrane pore [212]. This type of bacterial permeation 
may be further assisted by growth of the cell mass once after immobilization of the parent cell 
within the membrane pore and can further propagated because of the motility.  Even in absence 
of the permeation stream, these processes can contribute for the Listeria innocua permeation 
[213]. So, though the net like microstructure of the regenerated cellulose membrane bears the 
capability of offering higher retention time of the cell within membrane matrix and thus 
supposed to offer high retention of cells, permeation of the bacteria imposed by these 
mechanisms harnesses the performance. Different degree of influence of these mechanisms in 
the retention property of membrane can be the main reason of observed different degree of 
bacterial leakage under different operating conditions. In addition, the used membrane 0.45 µm 
average pore size rated, and is of fibrous materials (Regenerated Cellulose) offering the pore 
size distribution (PSD) by the relative orientation, interconnection and alignment of the fibers. 
There is always some broadness in the PSD which offers some bigger sized pores that may 
allow the easier permeation of the cells [214].  
The main reason of observed cell permeation through the membrane is the higher length 
to diameter ratio of the used cell. Used rod shape bacterial cell have a smaller dimension (cell 
diameter: 0.47-0.50 µm) which almost equal to the average pore size of the membrane (average 
pore diameter: 0.45 µm) and thus bears possibility of permeation through the membrane while 
coming in contact of the membrane pores with favorable condition. This can contribute for the 
observed higher permeations at very low and high TMP. In case of low TMP operation, as the 
deposits may not be attached so strongly with the membrane and may not be compacted enough 
to effectively block (by deposition of large and deformable compounds, e.g. fat globules) the 
oversized membrane pores, and thus these oversized pores of membrane may remains more 
accessible for the bacterial cells. On the other hand, because of the high permeation flux at 
elevated TMP, Peclet number is also high indicating higher convective flux towards the 
membrane surface; and thus may cause rod shape cells to be aligned along permeation flow 
stream and consequently can get exposed to the membrane pore mouth with projection of their 
sectional area which is identical with the average area of pore mouth. The cross-sectional area 
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of the cell being identical with the average of the pore of the membrane, and exposure of 
bacteria in a orientation parallel with the membrane surface can allow easy penetration of the 
cells into the membrane pores (or may cause the attachment with the pores) [215], [216]. 
Afterwards, once after getting immobilized in the membrane pore or matrix, these cells can 
further permeate through the membrane by cell infiltration mechanism [213].  Also, the flagellar 
motility of the Listeria innocua [217], [218] can assists such permeation for making it faster. In 
addition, the continuous cell multiplication of these cells (after getting incorporated with the 
membrane matrix) can cause the forwarding of newly generated cells along the permeate 
streams through the membrane, and thus may contribute for higher viable cell count in 
permeate. However, easy elastic deformability of the cell [219] can also assist for getting 
permeated with alteration of shape and without damaging the cell wall integrity, once after 
getting penetrated in the membrane matrix at elevated TMP and under exposure to drag forces 
of respective high fluxes. Also, among two extreme analyzed TMP’s, comparatively smaller cell 
permeation at maximum TMP can be because of the higher accumulation of organics in the 
membrane and thus comparatively higher blocking of the pores then that for the lowest TMP 
used [Figure 22].  
At lower TMP than this maximum, the Peclet number is lower and consequently, the 
system will have fewer bacteria to be transported to the membrane surface by the convective 
stream in a way so as to project their sectional area on membrane pore (by alignment along the 
permeation flow stream). Also, the cells are more aligned along the cross flow stream which 
offers cell cells to be projected to the membrane pores with their length (1-2 µm) and thus 
lowers the cell losses by permeation. Also, the lowered flux causes membrane adjacent mass 
accumulative layer to be less compacted by the permeation drag force, and will lower the degree 
of entrapment of the cells in the organic deposited layer. Consequently, the cell permeation into 
the membrane by cell infiltration and flagellar motility from the deposit will decline than that 
for the higher TMP operation. Also, permeation rates at these TMP range may not be of enough 
to expose high drag force for the cells to be deformed and passed through the membrane. 
Consequently, the cell losses are lowered in the TMP range of 0.25 to 0.50 bar.  
At lowest experimental TMP (0.05 bar), the permeation of the cells was found 
maximum (almost 70% of the cells were found to permeate the membrane). It can be because of 
low flux and consequent lowered drag force exerted on the solutes towards the membrane (by 
the permeation stream) at lower TMP. So, the deposited layer may not be compacted enough to 
create sufficient restriction to the bacterial motility once after the cell reach the vicinity of 
membrane or get trapped in the mass accumulated layer. This can also enhance the retention 
time of the cell in the vicinity of the membrane surface. Thus forwarding motion of the bacteria 
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towards membrane surface through the accumulated gel layer by flagellar motion can be high. 
Also, the low CFV respective to this TMP may not be high enough to wash out the cells from 
this region to bring back to the bulk of the retentate stream.  Because of higher retention time in 
the deposit layer, tumbling motility [220]–[223] of the cell, flagellar motion incorporated with 
drag force of permeation stream [222], [224]–[226] towards the permeation direction, 
multiplication of these retained cells [227]–[229]; these cells can reach to the membrane surface 
comparatively easily, get exposed to the oversized membrane pores and can get stick with 
membrane pores by some part of the cell with further penetration into the pores. All of these cell 
penetration and immobilization can further result the permeation of the cells (drag force and 
flagella assisted) and can contribute for higher cell count in permeate by these possible pass 
through the membrane with permeation stream, cell multiplication and motion of the cell.  
There was no observed influence of cells on the permeation nature of the organic 
species, flux and fouling in comparison with the same experimentation with non contaminated 
milk which in turn indicates that, the removal mechanisms do not rely upon the interactions 
between microorganisms within this used range of bacteria concentration [230], [231]. Since the 
bacteria loaded milk had almost similar cell concentration during all the experiments, the effect 
of cell concentration on the comparative cell loss analysis was neglected. Also, it has been 
reported about the non significant influence of the cell concentration on filtration performance 
of milk under this contamination level of such bacteria [231].  
5.2 Cell recovery in DF and TFF 
 After organic load removal from the cell loaded milk by DF, during the concentration 
of cell suspension by volume reduction by TFF step, LRV (and the cell losses) from the system 
demonstrated the almost similar variation with TMP as was obtained for respective DF steps. 
But the magnitude of the relevant log reduction values was higher (i.e. lower cell loss from 
retentate) in the concentration step [Figure 23]. One reason can be very low processing time 
during the concentration of the cell suspension than that for the purification step, for which the 
net cell permeations during the concentration step can be lowered. Also, cells in concentration 
step may undergo increased agglomeration with progress of cell suspension concentration [131], 
which can significantly lower the cell permeation through membrane as these agglomerates 
possesses bigger sizes than an individual cell. In addition, consideration should be taken about 
the pre-fouled stage of membrane before starting of cell concentration step due to possible 
deposits of the fat globules [Figure 21 (d)], and thus oversized pores can be blocked with 
deposition and penetration of deformable fat globules. This can also contribute for the lowered 
cell permeation during the concentration step. Here, the effect of cell interaction with the 
membrane by any release of EPS can be neglected as predicted in earlier sections. 
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5.3 Overall cell recovery and optimum condition 
The observed overall performance of cell isolation under different TMP condition is 
showed in [Figure 24].  It demonstrates that, though the cell purification is positively correlated 
with the TMP, but it’s the lowered cell recovery which harnesses application of high TMP 
considering cell recovery as the main target. Considering all these, the process can be 
considered for efficient extraction of more than 99.7% of cells from the milk matrix, which are 
further treatable with biosensor for the fast detection and enumeration, by operating the process 
in TMP ranges of 0.25 to 0.50 bar. Also, though the liner dimension of the used cell is much 
higher than average membrane pore size, due to the small section area of the cell and 
deformability, retention performance is required to control with the operational parameter. 
However, this optimum range is governed by the PSD of the membrane, the nature of the cell, 
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Figure 24: TMP dependence of % of the cell losses in during the purification step (--), % of 
the cell lost during concentration step (--), % of overall cell losses during the entire session of 
cell harvesting (--) and % of cell recovered during the entire session of the cell harvesting (--) 
under this experimental condition. The % of the total cell representative axis for the (--) and (-
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-) are the “blue” colored axis while “black” colored axis stands for the others. Here, “% of 
cells” was calculated based on the counting of the total viable cells. 
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6 Conclusion 
The study demonstrated the high efficiency for the selective enrichment of the Listeria 
innocua, a cell highly comparable and used for the performance analysis of the Listeria 
monocytogenes which is the most pathogenic form of the Listeria group having widely reported 
significant global impact, from the complex food sample (milk) by effective elimination of the 
high organic loads by microfiltration based DF and TFF steps. Both the DF and concentration 
steps involved in the cell isolation and concentration were operated in cross flow mode and 
found to be fast, of minimized disturbance and efficient for the viable cell isolation for further 
analysis by bio-sensing tools.  
The filtration and cell harvesting was faster with increment of TMP, but the cell lose from 
the system was found to be depended on the operating condition. In the TMP region of 0.25 to 
0.50 bar, the viable cell harvesting was found to be maximum. Considering the degree of 
organic load removal rate and cell recovery, DF and cell concentration at TMP of 0.25 bar was 
found to be most effective with more than 99.7% cell recovery as well as removal of more than 
99% and 91.80% of the total proteins and sugars respectively from the sample. Under this 
condition, the removal of total fat content was 30-50 %.  But the residual fat concentration was 
low enough for separating by an additional centrifugation, physico-chemical process or an 
additional membrane filtration step prior to further analysis by biosensor. The overall removal 
trend of organic load found higher at elevated TMP but the cell recovery was the issue which 
limits the high TMP operation. The increment of the CFV in parallel of increment of TMP was 
found effective for improving the permeation flux to make the process faster. The fouling was 
found recoverable to a desired level by effective washing of the membrane and reusability of the 
membrane for multiple analyses was determined. Based on the observed data, a broad and 
through analysis for the possible modes of cell losses during such filtration was made. 
Considering the fastness of the process and lowering of residual species concentrations, 
operation in the TMP range of 0.25 to 0.50 bar can be considered to be of soaring enough to 
allow the sample to be analyzed by a biosensor for the intended purpose. In all the cases of 
experimentation, the recovery of the membrane was acceptable and enough for effectively 
carrying out multiple analysis by a since piece of membrane (more than 7 experiment per 
membrane).  
The selected regenerated cellulose acetate polymeric membrane was found efficient for such 
isolation of the cells with simultaneous eliminations of the organic loads. Here it should be 
noted that, the works were proceeds with a membrane having some pore size distributions. The 
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cell rejection performance as whole may not be theoretically comparable with a membrane of 
very narrow, finely defied and uniformly sized pores; but the demonstrated system is cheaper, 
easy to adopt and offers high viable cell recovery from the sample (more than 99.7%) in a fast 
way.   
The developed model based on the mass balance of the species involved was found to well 
define the system and was effective for predicting the trends of the organic load removal from 
bacteria loaded milk. Also, the model parameter and their influence on the nature of organic 
load removal are discussed. In addition, the model was found able to quantify rapidness of the 
organic load removal by this process at elevated TMP (with associated CFV) and showed 
applicability for the optimization of such process.    
Finally, the demonstrated method for fast isolation and concentration of Listeria innocua 
cell from the complex milk matrix leads towards the usability of this system for pathogenic 
species of this group as well as for other similar bacteria. It opens a fast, cheaper and thus better 
way for completion of such work in the fields of food-borne pathogens, clinical diagnostics and 
other biological environment monitoring. The easy to use, fastness, lower exposure to the work 
environment and safety standards of this method acts to make it well considerable for the 
processing of food pathogens arena. Also, the observed retentions by the demonstrated filtration 
process (and thus recovery) for this rod shape bacteria is high enough to consider this process 
for isolating the other cells having higher length to diameter ratio (e.g. spherical cells) and 
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7 Recommendations & future work 
The experiments open an approach for processing vast variety of contaminated biological 
fluids to obtain purified and concentrated bacteria which can be further used for the fast 
bacterial detection and enumeration by biosensors in the field of health, food and 
biotechnological processes. Also, easy adoptability, cheaper and operability of this method will 
assist the easy testing of newly developed and emerging biosensors, and in assessing their 
applicability’s for real field. Based on the analysis of the results obtained from this experimental 
framework, we recommend the following further works and aspects that can be considered for 
making this method to be more efficient, faster, much well defined and of high applicability 
towards its further goals.  
 Caring out the same experiment in chip based scale systems, e.g. in microarrays and 
microfluidic bio-chips, to reduce the holdup volume of the system and to obtain higher 
concentration factor of the cell at the end with simultaneous observation of the effect of 
high cell concentration on its permeation nature and membrane fouling.  
 The work demonstrated the applicability of conventional MF membrane having some 
broadness in the pore size distribution to be effective for such isolation of cell. Also, the 
observed efficiency is higher than that for competitive other conventional multistage 
processes which are incorporated with more exposures of cells with the environments and 
causes significant losses of cells at different inter-stages. It would be a nice approach to 
observe the motion of the cell under the action of pressure, flow as well as cell motility and 
growth associated motions in the vicinity of the membrane to get the more insight of the 
phenomenon. Analysis can be brought by transparent filtration module after marking the 
cells with a detection system. We recommend confocal laser scanning microscopy based 
bacteria location tracing after staining with fluorescent dyes to detect the motions of 
bacteria in such membrane system and further analysis based on dynamic distribution of 
bacteria in milk.  
 Development of simulation and modeling in the micro scale activity based on force balances 
that a bacteria faces during its travel from the bulk of the liquid to the membrane pores with 
competition with other molecules. It can give a good insight and opening for such 
membrane to be more effectively used in such approaches.  
 Comparative analysis of the respective system with a spherical bacteria loaded milk to 
compare the effect of bacterial cell shape on the rejection performance. Incorporation of the 
cell wall elasticity and flexibility in the modeling section on the pre-mentioned approach 
 
Page 76 of 91 
 
and to develop the theoretical core foundation contribution on cell permeation through 
membrane during processing complex biological fluids under such conditions.  
 Development of an inherent method for such MF process based cell isolation by considering 
the interactions between the cells, membrane and other constituents involved to well define 
all the experimental regions of filtration.  
 Using the same technology for isolation and concentration of the cells from different 
contaminated biological fluid (clinical diagnostics for body fluids and monitoring of other 
food-borne pathogens) with different pathogens and under different degree of cell loading to 
construct the deep insight of the process. 
 Analysis of the total cells in the retentate    and permeate side by other conventional method 
to check cell death, and analyzing the effect of operating conditions on the cell fate as well 
as influence on overall quantification. Further analysis can be considered to study the effect 
of filtration condition on the fatality of the cells and thus making the process more precise.   
 Analysis of the performance of the cell recovery after removal of lipid by an additional 
stage of centrifugation or filtration.  
 Analysis of such continuous membrane based filtration systems incorporated with different 
pore sized membrane to carry out size based fractionation of the sample, comparative 
analysis of the cell recovery and detection efficiency by treating this isolated bacteria by 
biosensor.  
 Analysis of the bacterial entrapment on the membrane, penetration and bio fouling by 
analysis of SEM images of membrane taken at different stages of filtration. Establishment 
of the correlation on the respective aspects discussed and thorough analysis.  
 Investigation of the effect of module design and hydrodynamic condition on bacteria 
permeation by using different type and shaped modules.  
 Analysis of the effect of pretreatment (e.g. addition of surfactant) of the contaminated milk 
on the improvement of flux, viability of the cells involved, interaction with other organic 




Page 77 of 91 
 
8 References  
[1] W.-C. Tsai and I.-C. Li, “SPR-based immunosensor for determining staphylococcal enterotoxin 
A,” Sensors Actuators B Chem., vol. 136, no. 1, pp. 8–12, Feb. 2009. 
[2] F. Özogul, Ç. Kacar, and I. Hamed, “Inhibition effects of carvacrol on biogenic amines formation 
by common food-borne pathogens in histidine decarboxylase broth,” LWT - Food Sci. Technol., 
vol. 64, no. 1, pp. 50–55, Nov. 2015. 
[3] E. Scallan, R. M. Hoekstra, F. J. Angulo, R. V. Tauxe, M.-A. Widdowson, S. L. Roy, J. L. Jones, 
and P. M. Griffin, “Foodborne Illness Acquired in the United States—Major Pathogens,” Emerg. 
Infect. Dis., vol. 17, no. 1, pp. 7–15, Jan. 2011. 
[4] E. Scallan, P. M. Griffin, F. J. Angulo, R. V. Tauxe, and R. M. Hoekstra, “Foodborne Illness 
Acquired in the United States—Unspecified Agents,” Emerg. Infect. Dis., vol. 17, no. 1, pp. 16–
22, Jan. 2011. 
[5] S. Sivapalasingam, C. R. Friedman, L. Cohen, and R. V Tauxe, “Fresh Produce: A Growing 
Cause of Outbreaks of Foodborne Illness in the United States, 1973 through 1997,” J. Food Prot., 
vol. 67, no. 10, pp. 2342–2353. 
[6] L. R. Beuchat, “Pathogenic Microorganisms Associated with Fresh Produce,” J. Food Prot., vol. 
59, no. 2, pp. 204–216. 
[7] M. Carson, P. Dm, and D. Finkle-perazzo, “Inside this supplement : Antimicrobial stewardship 
Developing and expanding hospital antimicrobial stewardship : The Ontario experience ………… 
14 Canada Communicable Disease Report,” vol. 41, 2015. 
[8] B. Swaminathan, T. J. Barrett, S. B. Hunter, R. V Tauxe, and P. Task, “PulseNet : The Molecular 
Subtyping Network for Foodborne Bacterial Disease Surveillance , United States,” vol. 7, no. 3, 
pp. 382–389, 2001. 
[9] U. States, “Surveillance for Foodborne Disease Outbreaks United States , 2013 : Annual Report,” 
2013. 
[10] N. H. Bean and P. M. Griffin, “Foodborne Disease Outbreaks in the United States, 1973-1987: 
Pathogens, Vehicles, and Trends,” J. Food Prot., vol. 53, no. 9, pp. 804–817. 
[11] T. Pan, T. Wang, C. Lee, and S. Chien, “Food-Borne Disease Outbreaks Due to Bacteria in 
Taiwan , 1986 to 1995,” vol. 35, no. 5, pp. 1260–1262, 1997. 
[12] J. Martinez-urtaza, A. Lozano-leon, A. Depaola, M. Ishibashi, K. Shimada, M. Nishibuchi, and E. 
Liebana, “Characterization of Pathogenic Vibrio parahaemolyticus Isolates from Clinical Sources 
in Spain and Comparison with Asian and North American Pandemic Isolates,” vol. 42, no. 10, pp. 
4672–4678, 2004. 
[13] Y. Yazaki, “Sporadic acute or fulminant hepatitis E in Hokkaido, Japan, may be food-borne, as 
suggested by the presence of hepatitis E virus in pig liver as food,” J. Gen. Virol., vol. 84, no. 9, 
pp. 2351–2357, Sep. 2003. 
[14] M. Wadl, K. Scherer, S. Nielsen, S. Diedrich, L. Ellerbroek, C. Frank, R. Gatzer, M. Hoehne, R. 
Johne, G. Klein, J. Koch, J. Schulenburg, U. Thielbein, K. Stark, and H. Bernard, “Food-borne 
norovirus-outbreak at a military base ,” pp. 1–10, 2010. 
 
Page 78 of 91 
 
[15] H.-W. Kuo, S. Kasper, S. Jelovcan, G. Höger, I. Lederer, C. König, G. Pridnig, A. Luckner-
Hornischer, F. Allerberger, and D. Schmid, “A food-borne outbreak of Shigella sonnei 
gastroenteritis, Austria, 2008.,” Wien. Klin. Wochenschr., vol. 121, no. 3–4, pp. 157–63, Jan. 
2009. 
[16] A. Faustini, P. G. Rossi, C. A. Perucci, and O. Control, “Outbreaks of food borne diseases in the 
Lazio region , Italy : The results of epidemiological field investigations,” pp. 699–702, 2003. 
[17] B. Lopman, H. Vennema, E. Kohli, P. Pothier, A. Sanchez, A. Negredo, J. Buesa, E. Schreier, J. 
Gray, C. Gallimore, B. Bottiger, K.-O. Hedlund, M. Torvén, C.-H. von Bonsdorff, L. Maunula, 
M. Poljsak-Prijatelj, J. Zimsek, G. Reuter, G. Szücs, B. Melegh, L. Svennson, Y. van Duijnhoven, 
M. Koopmans, M. Reacher, D. Brown, and M. Iturriza, “Increase in viral gastroenteritis outbreaks 
in Europe and epidemic spread of new norovirus variant,” Lancet, vol. 363, no. 9410, pp. 682–
688, Feb. 2004. 
[18] J. Parkhill, B. W. Wren, K. Mungall, J. M. Ketley, C. Churcher, D. Basham, T. Chillingworth, R. 
M. Davies, T. Feltwell, S. Holroyd, K. Jagels, A. V Karlyshev, S. Moule, M. J. Pallen, C. W. 
Penn, M. A. Quail, M.-A. Rajandream, K. M. Rutherford, A. H. M. van Vliet, S. Whitehead, and 
B. G. Barrell, “The genome sequence of the food-borne pathogen Campylobacter jejuni  reveals 
hypervariable sequences,” Nature, vol. 403, no. 6770, pp. 665–668, Feb. 2000. 
[19] “Most Common Foodborne Pathogens - Home Food Safety.” [Online]. Available: 
http://www.homefoodsafety.org/food-poisoning/foodborne-pathogens. [Accessed: 02-May-2015]. 
[20] J. C. Buzby, T. Roberts, C. J. Lin, and J. M. Macdonald, “Bacterial Foodborne Disease: Medical 
Costs and Productivity Losses.” 
[21] K. P. Marie, Z. N. François, A. A. Abbasi, F. Anwar, S. A. Ali, S. D. Victor, and T. M. Félicité, 
“Characterization of a Bacteriocin Produced by Lactobacillus plantarum Lp6SH Isolated from 
‘Sha’a’, a Maize-Based Traditionally Fermented Beverage from Cameroon,” Int. J. Biol., vol. 4, 
no. 2, pp. 149–158, Mar. 2012. 
[22] L. H. Deegan, P. D. Cotter, C. Hill, and P. Ross, “Bacteriocins: Biological tools for bio-
preservation and shelf-life extension,” Int. Dairy J., vol. 16, no. 9, pp. 1058–1071, Sep. 2006. 
[23] C. Court and B. Road, “Development and use of microbiological criteria,” vol. 11, no. 3, 1997. 
[24] H. Ölmez and U. Kretzschmar, “Potential alternative disinfection methods for organic fresh-cut 
industry for minimizing water consumption and environmental impact,” LWT - Food Sci. 
Technol., vol. 42, no. 3, pp. 686–693, Apr. 2009. 
[25] P. F. Fox, Encyclopedia of Dairy Sciences. Elsevier, 2011. 
[26] H. J. Kalkwarf, J. C. Khoury, and B. P. Lanphear, “Milk intake during childhood and adolescence 
, adult bone density , and osteoporotic fractures in US women 1 – 3,” 2003. 
[27] T. A. Marshall, S. M. Levy, B. Broffitt, J. J. Warren, J. M. Eichenberger-gilmore, T. L. Burns, 
and P. J. Stumbo, “Dental Caries and Beverage Consumption in Young Children,” vol. 112, no. 3, 
2015. 
[28] “Making Milk Microbiology Media.” [Online]. Available: 
http://www.disknet.com/indiana_biolab/b028.htm. [Accessed: 03-Jul-2015]. 




Page 79 of 91 
 
[30] R. S. Pore, T. A. Shahan, M. D. Pore, and R. Blauwiekel, “Occurrence of Prototheca zopfii, a 
mastitis pathogen, in milk,” Vet. Microbiol., vol. 15, no. 4, pp. 315–323, Dec. 1987. 
[31] “Milk-Borne Infectious Diseases From Microbes.” [Online]. Available: 
http://infectiousdiseases.about.com/od/g/a/milkborne.htm. [Accessed: 02-May-2015]. 
[32] S. P. Oliver, B. M. Jayarao, and R. A. Almeida, “Foodborne Pathogens in Milk and the Dairy 
Farm Environment: Food Safety and Public Health Implications,” Foodborne Pathog. Dis., vol. 2, 
no. 2, pp. 115–129, Jun. 2005. 
[33] A. Subramanian, J. Irudayaraj, and T. Ryan, “A mixed self-assembled monolayer-based surface 
plasmon immunosensor for detection of E. coli O157:H7,” Biosens. Bioelectron., vol. 21, no. 7, 
pp. 998–1006, Jan. 2006. 
[34] M. B. O’Keeffe and R. J. FitzGerald, “Identification of short peptide sequences in complex milk 
protein hydrolysates,” Food Chem., vol. 184, no. 0, pp. 140–146, Oct. 2015. 
[35] T. H. E. E. Parliament, T. H. E. Council, O. F. The, and E. Union, “REGULATION (EC) No 
178/2002 OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL of 28 January 2002 
laying down the general principles and requirements of food law, establishing the European Food 
Safety Authority and laying down procedures in matters of food saf,” 2002. 
[36] P. Feng, “FOOD-BORNE PATHOGENIC l,” 1994. 
[37] A. Nyfeldt, “Etiologie de la mononucleose infectieuse,” CR Soc. Biol, vol. 101, pp. 590–591, 
1929. 
[38] F. Ueda, R. Anahara, F. Yamada, M. Mochizuki, Y. Ochiai, and R. Hondo, “Discrimination of 
Listeria monocytogenes contaminated commercial Japanese meats,” Int. J. Food Microbiol., vol. 
105, no. 3, pp. 455–462, Dec. 2005. 
[39] M. K. M. Nair, P. Vasudevan, and K. Venkitanarayanan, “Antibacterial effect of black seed oil on 
Listeria monocytogenes,” Food Control, vol. 16, no. 5, pp. 395–398, Jun. 2005. 
[40] M. Gandhi and M. L. Chikindas, “Listeria: A foodborne pathogen that knows how to survive.,” 
Int. J. Food Microbiol., vol. 113, no. 1, pp. 1–15, Jan. 2007. 
[41] T. Mazzulli, “Resistance Trends in Urinary Tract Pathogens and Impact on Management,” J. 
Urol., vol. 168, no. 4, Supplement, pp. 1720–1722, Oct. 2002. 
[42] L. A. Newson, “Pathogens, peoples and places: geographical variations in the impact of diseases 
in early Spanish America and the Philippines,” in Technology, Disease and Colonial Conquests - 
Sixteenth to Eighteenth Centuries: Reappraising the Guns and Germs Theories, G. Raudzens, Ed. 
Brill, 2001, pp. 167–210. 
[43] Foodsafety.gov, “Listeria.” [Online]. Available: 
http://www.foodsafety.gov/poisoning/causes/bacteriaviruses/listeria/. [Accessed: 07-May-2015]. 
[44] F. Illness and U. States, “Food-Related Illness and Death in the United States,” vol. 5, no. 6, pp. 
840–841, 1999. 
[45] WHO, “Basic Information on Emerging Infectious Diseases ( EIDs ): Listeriosis : What we 
should know.” 
 
Page 80 of 91 
 
[46] H. de Valk, C. Jacquet, V. Goulet, V. Vaillant, A. Perra, F. Simon, J. C. Desenclos, P. Martin, and 
Listeria Surveillance Feasibility Study Participants, “Surveillance of listeria infections in 
Europe,” Euro Surveill., vol. 10, no. 10, p. 251—255, Oct. 2005. 
[47] I. Popovic, B. Heron, and C. Covacin, “Listeria: an Australian perspective (2001-2010).,” 
Foodborne Pathog. Dis., vol. 11, no. 6, pp. 425–32, Jun. 2014. 
[48] J. R. Bennion, F. Sorvillo, M. E. Wise, S. Krishna, and L. Mascola, “Decreasing listeriosis 
mortality in the United States, 1990-2005.,” Clin. Infect. Dis., vol. 47, no. 7, pp. 867–74, Oct. 
2008. 
[49] D. Acheson and S. Editor, “SPECIAL SECTION : FOOD SAFETY,” pp. 770–775, 2000. 
[50] P. S. Mead, L. Slutsker, V. Dietz, L. F. Mccaig, J. S. Bresee, C. Shapiro, P. M. Griffin, R. V 
Tauxe, and D. Control, “Food-Related Illness and Death in the United States,” vol. 5, no. 5, pp. 
607–625, 1999. 
[51] Listeriosis Outbreaks and Associated Food Vehicles , United States , 1998 – 2008, vol. 19, no. 1. 
2013, pp. 1–10. 
[52] A. Hernandez-milian and A. Payeras-cifre, “What Is New in Listeriosis ?,” vol. 2014, 2014. 
[53] R. B. Tompkin, “Control of Listeria monocytogenes in the Food-Processing Environment,” vol. 
65, no. 4, pp. 709–725, 2002. 
[54] T. Zhao, T. C. Podtburg, P. Zhao, B. E. Schmidt, D. A. Baker, B. Cords, and M. P. Doyle, 
“Control of Listeria spp. by Competitive-Exclusion Bacteria in Floor Drains of a Poultry 
Processing Plant,” Appl. Environ. Microbiol., vol. 72, no. 5, pp. 3314–3320, May 2006. 
[55] R. G. Behling, J. Eifert, M. C. Erickson, J. B. Gurtler, J. L. Kornacki, E. Line, R. Radcliff, E. T. 
Ryser, B. Stawick, and Z. Yan, Principles of Microbiological Troubleshooting in the Industrial 
Food Processing Environment. New York, NY: Springer New York, 2010. 
[56] P. Piyasena, E. Mohareb, and R. C. McKellar, “Inactivation of microbes using ultrasound: a 
review,” Int. J. Food Microbiol., vol. 87, no. 3, pp. 207–216, Nov. 2003. 
[57] O. Lazcka, F. J. Del Campo, and F. X. Muñoz, “Pathogen detection: a perspective of traditional 
methods and biosensors.,” Biosens. Bioelectron., vol. 22, no. 7, pp. 1205–17, Feb. 2007. 
[58] M. Safavieh, S. Nahar, M. Zourob, and M. U. Ahmed, “15 - Microfluidic biosensors for high 
throughput screening of pathogens in food,” in Woodhead Publishing Series in Food Science, 
Technology and Nutrition, A. K. Bhunia, M. S. Kim, and C. R. B. T.-H. T. S. for F. S. A. Taitt, 
Eds. Woodhead Publishing, 2015, pp. 327–357. 
[59] C. C. Adley and M. P. Ryan, “14 - Conductometric biosensors for high throughput screening of 
pathogens in food,” in Woodhead Publishing Series in Food Science, Technology and Nutrition, 
A. K. Bhunia, M. S. Kim, and C. R. B. T.-H. T. S. for F. S. A. Taitt, Eds. Woodhead Publishing, 
2015, pp. 315–326. 
[60] P. Leonard, S. Hearty, J. Brennan, L. Dunne, J. Quinn, T. Chakraborty, and R. O’Kennedy, 
“Advances in biosensors for detection of pathogens in food and water,” Enzyme Microb. 
Technol., vol. 32, no. 1, pp. 3–13, Jan. 2003. 
[61] X. Guo, C.-S. Lin, S.-H. Chen, R. Ye, and V. C. H. Wu, “A piezoelectric immunosensor for 
specific capture and enrichment of viable pathogens by quartz crystal microbalance sensor, 
 
Page 81 of 91 
 
followed by detection with antibody-functionalized gold nanoparticles,” Biosens. Bioelectron., 
vol. 38, no. 1, pp. 177–183, Oct. 2012. 
[62] P.-D. Nguyen, T. B. Tran, D. T. X. Nguyen, and J. Min, “Magnetic silica nanotube-assisted 
impedimetric immunosensor for the separation and label-free detection of Salmonella 
typhimurium,” Sensors Actuators B Chem., vol. 197, no. 0, pp. 314–320, Jul. 2014. 
[63] I.-H. Cho, L. Mauer, and J. Irudayaraj, “In-situ fluorescent immunomagnetic multiplex detection 
of foodborne pathogens in very low numbers,” Biosens. Bioelectron., vol. 57, no. 0, pp. 143–148, 
Jul. 2014. 
[64] S. Silletti, G. Rodio, G. Pezzotti, M. Turemis, R. Dragone, C. Frazzoli, and M. T. Giardi, “An 
optical biosensor based on a multiarray of enzymes for monitoring a large set of chemical classes 
in milk,” Sensors Actuators B Chem., vol. 215, no. 0, pp. 607–617, Aug. 2015. 
[65] S. Chen, A. Rasooly, J. Dosta, S. Jiang, and S. S. Yee, “Spectral surface plasmon resonance 
biosensor for detection of staphylococcal enterotoxin B in milk,” vol. 75, pp. 61–69, 2002. 
[66] Z. Suo, R. Avci, X. Yang, and D. W. Pascual, “Efficient Immobilization and Patterning of Live 
Bacterial Cells,” Langmuir, vol. 24, no. 8, pp. 4161–4167, Apr. 2008. 
[67] J. Min and A. J. Baeumner, “Highly sensitive and specific detection of viable Escherichia coli in 
drinking water.,” Anal. Biochem., vol. 303, no. 2, pp. 186–93, Apr. 2002. 
[68] H. Baccar, M. B. Mejri, I. Hafaiedh, T. Ktari, M. Aouni, and a Abdelghani, “Surface plasmon 
resonance immunosensor for bacteria detection.,” Talanta, vol. 82, no. 2, pp. 810–4, Jul. 2010. 
[69] R. Chawla, G. R. Patil, and A. K. Singh, “High hydrostatic pressure technology in dairy 
processing: a review,” J. Food Sci. Technol., vol. 48, no. 3, pp. 260–268, Dec. 2010. 
[70] A. J. Trujillo, C. Royo, V. Ferragut, and B. Guamis, “Influence of Pressurization on Goat Milk 
and Cheese Composition and Yield,” in Advances in High Pressure Bioscience and 
Biotechnology SE  - 103, H. Ludwig, Ed. Springer Berlin Heidelberg, 1999, pp. 457–460. 
[71] D. D. Wu and D. L. Olson, “Computational simulation and risk analysis: An introduction of state 
of the art research,” Math. Comput. Model., vol. 58, no. 9–10, pp. 1581–1587, Nov. 2013. 
[72] Y. Zhao, M. Chen, Z. Zhao, and S. Yu, “The antibiotic activity and mechanisms of sugarcane 
(Saccharum officinarum L.) bagasse extract against food-borne pathogens,” Food Chem., vol. 
185, no. 0, pp. 112–118, Oct. 2015. 
[73] J. Wan, J. Coventry, P. Swiergon, P. Sanguansri, and C. Versteeg, “Advances in innovative 
processing technologies for microbial inactivation and enhancement of food safety – pulsed 
electric field and low-temperature plasma,” Trends Food Sci. Technol., vol. 20, no. 9, pp. 414–
424, Sep. 2009. 
[74] Y. Liu, A. Gilchrist, J. Zhang, and X.-F. Li, “Detection of viable but nonculturable Escherichia 
coli O157:H7 bacteria in drinking water and river water.,” Appl. Environ. Microbiol., vol. 74, no. 
5, pp. 1502–7, Mar. 2008. 
[75] D. R. Absolom, F. V Lamberti, Z. Policova, W. Zingg, C. J. van OSS, and A. Wilhelm Neumann, 
“No Title,” Appl. Environ. Microbiol., p. 90, 1983. 
[76] R. A. Cotton, “Filter medium.” Google Patents, 1960. 
 
Page 82 of 91 
 
[77] G. Belfort, R. H. Davis, and A. L. Zydney, “The behavior of suspensions and macromolecular 
solutions in crossflow microfiltration,” J. Memb. Sci., vol. 96, no. 1–2, pp. 1–58, Nov. 1994. 
[78] C. F. Nnadozie, J. Lin, and R. Govinden, “Selective isolation of bacteria for metagenomic 
analysis: Impact of membrane characteristics on bacterial filterability,” Biotechnol. Prog., p. n/a–
n/a, 2015. 
[79] N. Gnanou Besse, “Development of a membrane filtration method for enumeration of Listeria 
monocytogenes from soft cheese,” Food Microbiol., vol. 18, no. 6, pp. 669–676, Dec. 2001. 
[80] W.-T. Chen, R. L. Hendrickson, C.-P. Huang, D. Sherman, T. Geng, A. K. Bhunia, and M. R. 
Ladisch, “Mechanistic study of membrane concentration and recovery of Listeria 
monocytogenes.,” Biotechnol. Bioeng., vol. 89, no. 3, pp. 263–73, Feb. 2005. 
[81] W.-T. Chen, M. R. Ladisch, T. Geng, and A. K. Bhunia, “Membrane for selective capture of the 
microbial pathogen Listeria monocytogenes,” AIChE J., vol. 51, no. 12, pp. 3305–3308, Dec. 
2005. 
[82] J. R. Morgart, J. L. Filson, J. J. Peters, and R. R. Bhave, “Bacteria removal by ceramic 
microfiltration.” Google Patents, 1993. 
[83] “Membrane Filter Method for the Isolation and Enumeration of Pseudomonas aeruginosa from 
Swimming Pools,” Microbiology, vol. 27, no. 5, pp. 938–943, 1974. 
[84] “GE Healthcare Life Sciences ‘illustra RNAspin Mini Kit.’” [Online]. Available: 
http://www.gelifesciences.com/webapp/wcs/stores/servlet/ProductDisplay?categoryId=11763&ca
talogId=10101&productId=24614&storeId=11776&langId=-1. [Accessed: 07-Jul-2015]. 
[85] “Whatman Filters & Sample Collection.” [Online]. Available: 
http://www.gelifesciences.com/webapp/wcs/stores/servlet/CategoryDisplay?categoryId=1171184
&catalogId=70101&productId=&top=Y&storeId=11776&langId=-1. [Accessed: 07-Jul-2015]. 
[86] “Membrane Filter Technique.” [Online]. Available: 
http://www.pall.com/main/laboratory/literature-library-details.page?id=7290. [Accessed: 07-Jul-
2015]. 
[87] K. J. Hwang, P. C. Tsai, E. Iritani, and N. Katagiri, “Effect of polysaccharide concentration on the 
membrane filtration of microbial cells,” J. Appl. Sci. Eng., vol. 15, no. 4, pp. 323–332, 2012. 
[88] A. Rushton, A. S. Ward, and R. G. Holdich, Solid-Liquid Filtration and Separation Technology. 
Wiley, 2008. 
[89] F. M. Tiller and J. H. Kwon, “Role of porosity in filtration: XIII. Behavior of highly compactible 
cakes,” AIChE J., vol. 44, no. 10, pp. 2159–2167, 1998. 
[90] T. R. Garrett, M. Bhakoo, and Z. Zhang, “Bacterial adhesion and biofilms on surfaces,” Prog. 
Nat. Sci., vol. 18, no. 9, pp. 1049–1056, Sep. 2008. 
[91] P. Blanpain-Avet, C. Faille, G. Delaplace, and T. Bénézech, “Cell adhesion and related fouling 
mechanism on a tubular ceramic microfiltration membrane using Bacillus cereus spores,” J. 
Memb. Sci., vol. 385–386, no. 0, pp. 200–216, Dec. 2011. 
[92] H. C. Flemming, G. Schaule, T. Griebe, J. Schmitt, and a Tamachkiarowa, “Biofouling - the 
Achilles heel of membrane processes,” Desalination, vol. 113, no. 2–3, pp. 215–225, 1997. 
 
Page 83 of 91 
 
[93] P. Wojtaszek, “Mechanical Integration of Plant Cells and Plants,” Mech. Integr. Plant Cells 
Plants, vol. 9, pp. 53–90, 2011. 
[94] W. S. W. Ho and K. K. Sirkar, Membrane Handbook. Springer Science, 1992. 
[95] S. R. Wickramasinghe, B. Kalbfuß, a. Zimmermann, V. Thorn, and U. Reichl, “Tangential flow 
microfiltration and ultrafiltration for human influenza A virus concentration and purification,” 
Biotechnol. Bioeng., vol. 92, no. 2, pp. 199–208, 2005. 
[96] P. Czermak, D. L. Grzenia, A. Wolf, J. O. Carlson, R. Specht, B. Han, and S. R. Wickramasinghe, 
“Purification of the densonucleosis virus by tangential flow ultrafiltration and by ion exchange 
membranes,” Desalination, vol. 224, no. 1–3, pp. 23–27, 2008. 
[97] K. E. Wommack, D. M. Winget, S. Jamindar, and R. R. Helton, “Manual of Aquatic Viral 
Ecology,” Glass, no. 2004, pp. 1–201, 2010. 
[98] D. Roy, M. Lagimonière, M.-J. Hardy, J.-F. Bourassa, and P. Mourot, “Viability of an 
ectomycorrhizal fungus during cross-flow filtration,” J. Biotechnol., vol. 10, no. 3–4, pp. 227–
240, Jun. 1989. 
[99] M. Mulder, Basic Principles of Membrane Technology. Springer, 1996. 
[100] MATLAB, version 8.10.0 (R2013a). Natick, Massachusetts: The MathWorks Inc., 2013. 
[101] Microsoft Corporation, “Microsoft Excel.” Microsoft Corporation, Redmond, WA, USA, 2007. 
[102] A.-S. Jönsson, “Influence of shear rate on the flux during ultrafiltration of colloidal substances,” 
J. Memb. Sci., vol. 79, no. 1, pp. 93–99, Apr. 1993. 
[103] K.-H. Choo and C.-H. Lee, “Membrane fouling mechanisms in the membrane-coupled anaerobic 
bioreactor,” Water Res., vol. 30, no. 8, pp. 1771–1780, Aug. 1996. 
[104] S. Ognier, C. Wisniewski, and A. Grasmick, “Influence of macromolecule adsorption during 
filtration of a membrane bioreactor mixed liquor suspension,” J. Memb. Sci., vol. 209, no. 1, pp. 
27–37, Nov. 2002. 
[105] M. Cheryan, Ultrafiltration and Microfiltration Handbook. Taylor & Francis, 1998. 
[106] S. Mahesh Kumar, G. M. Madhu, and S. Roy, “Fouling behaviour, regeneration options and on-
line control of biomass-based power plant effluents using microporous ceramic membranes,” Sep. 
Purif. Technol., vol. 57, no. 1, pp. 25–36, Oct. 2007. 
[107] O. H. Lowry, N. J. Rosebrough, A. L. Farr, and R. J. Randall, “PROTEIN MEASUREMENT 
WITH THE FOLIN PHENOL REAGENT,” J. Biol. Chem., vol. 193, no. 1, pp. 265–275, 1951. 
[108] G. Change, “D13 - Characterisation and comparison of monitoring techniques applied to the 
selected MBRs operated by involved partners,” 2007. 
[109] M. V Cruz, M. C. Sarraguça, F. Freitas, J. A. Lopes, and M. a M. Reis, “Online monitoring of 
P(3HB) produced from used cooking oil with near-infrared spectroscopy.,” J. Biotechnol., vol. 
194, pp. 1–9, Jan. 2015. 
[110] P. van Netten, I. Perales, A. van de Moosdijk, G. D. W. Curtis, and D. A. A. Mossel, “Liquid and 
solid selective differential media for the detection and enumeration of L. monocytogenes and 
other Listeria spp.,” Int. J. Food Microbiol., vol. 8, no. 4, pp. 299–316, 1989. 
 
Page 84 of 91 
 
[111] L’association francaise de normalisation (AFNOR)., “Food Microbiology-Detection of Listeria 
monocytogenes-Routine Method, V 08-055.,” Paris, France, 1993. 
[112] I. Dairy and Federation, “International Dairy Federation. 1990. Milk and milk products - 
Detection of Listeria monocytogenes. IDF Provisional International Standard no. 143,” Brussels, 
1990. 
[113] M. L. Speck and A. T. C. on Microbiological Methods for Foods, Compendium of Methods for 
the Microbiological Examination of Foods. American Public Health Association, 1984. 
[114] D. Liu, Handbook of Listeria Monocytogenes. CRC Press, 2008. 
[115] F. Salaün, B. Mietton, and F. Gaucheron, “Buffering capacity of dairy products,” Int. Dairy J., 
vol. 15, no. 2, pp. 95–109, 2005. 
[116] S. Mishra, B. Mann, and V. K. Joshi, “Functional improvement of whey protein concentrate on 
interaction with pectin,” Food Hydrocoll., vol. 15, no. 1, pp. 9–15, 2001. 
[117] H. Singh, O. J. McCarthy, and J. A. Lucey, “Physico-Chemical Properties of Milk,” in Advanced 
Dairy Chemistry Volume 3 SE  - 11, P. F. Fox, Ed. Springer US, 1997, pp. 469–518. 
[118] S. Srilaorkul, L. Ozimek, F. Wolfe, and J. Dziuba, “The Effect of Ultrafiltration on 
Physicochemical Properties of Retentate,” Can. Inst. Food Sci. Technol. J., vol. 22, no. 1, pp. 56–
62, 1989. 
[119] M. Philippe, Y. Le Graet, M. Philippe, Y. Le Graet, and A. G. Physic-, “Physicochemical 
characterization of calcium-supplemented skim milk To cite this version : Original article 
Physicochemical characterization of calcium-supplemented skim milk,” 2003. 
[120] M. A. de la Fuente, “Changes in the mineral balance of milk submitted to technological 
treatments,” Trends Food Sci. Technol., vol. 9, no. 7, pp. 281–288, 1998. 
[121] P. Rheometer, BROOKFIELD DV-II + Pro EXTRA Programmable Rheometer, vol. 8139, no. M. 
. 
[122] “Brookfield Viscometer Manual | Brookfield Rheometer Manual.” [Online]. Available: 
http://www.brookfieldengineering.com/support/documentation/operator-manuals.asp. [Accessed: 
03-Jul-2015]. 
[123] R. Paulen, M. Fikar, Z. Kovács, and P. Czermak, “Process optimization of DF with time-
dependent water adding for albumin production,” Chem. Eng. Process. Process Intensif., vol. 50, 
no. 8, pp. 815–821, Aug. 2011. 
[124] A. Persson, A. Jo, and G. Zacchi, “Separation of Lactic Acid-Producing Bacteria from 
Fermentation Broth Using a Ceramic Microfiltration Membrane with Constant Permeate Flow,” 
2001. 
[125] B. Espinasse, P. Bacchin, and P. Aimar, “Filtration method characterizing the reversibility of 
colloidal fouling layers at a membrane surface: analysis through critical flux and osmotic 
pressure.,” J. Colloid Interface Sci., vol. 320, no. 2, pp. 483–90, Apr. 2008. 
[126] A. Bouchoux, P. Qu, and P. Bacchin, “A General Approach for Predicting the Filtration of Soft 
and Permeable Colloids : The Milk Example,” 2013. 
 
Page 85 of 91 
 
[127] D. G. Dalgleish and M. Corredig, “The structure of the casein micelle of milk and its changes 
during processing.,” Annu. Rev. Food Sci. Technol., vol. 3, pp. 449–67, Jan. 2012. 
[128] A. Mortari and L. Lorenzelli, “Recent sensing technologies for pathogen detection in milk: a 
review.,” Biosens. Bioelectron., vol. 60, pp. 8–21, Oct. 2014. 
[129] N. Yamaguchi, M. Sasada, M. Yamanaka, and M. Nasu, “Rapid detection of respiring 
Escherichia coli O157:H7 in apple juice, milk, and ground beef by flow cytometry.,” Cytometry. 
A, vol. 54, no. 1, pp. 27–35, Jul. 2003. 
[130] T. S. Gunasekera, D. A. Veal, and P. V Attfield, “Potential for broad applications of flow 
cytometry and fluorescence techniques in microbiological and somatic cell analyses of milk,” Int. 
J. Food Microbiol., vol. 85, no. 3, pp. 269–279, 2003. 
[131] W. Xu and S. Chellam, “Initial stages of bacterial fouling during dead-end microfiltration,” 
Environ. Sci. Technol., vol. 39, no. 17, pp. 6470–6476, 2005. 
[132] M. K. Borucki, J. D. Peppin, D. White, F. Loge, and D. R. Call, “Variation in biofilm formation 
among strains of Listeria monocytogenes,” Appl. Environ. Microbiol., vol. 69, no. 12, pp. 7336–
7342, 2003. 
[133] K. Sakai, “Determination of pore size and pore size distribution: 2. Dialysis membranes,” J. 
Memb. Sci., vol. 96, no. 1–2, pp. 91–130, Nov. 1994. 
[134] S. Bhattacharjee, A. S. Kim, and M. Elimelech, “Concentration Polarization of Interacting Solute 
Particles in Cross-Flow Membrane Filtration,” vol. 99, pp. 81–99, 1999. 
[135] B. L. Schwartz, S. T. Manager, and P. L. Sciences, “Scientific & Technical Report DF : A Fast , 
Efficient Method for Desalting , or Buffer Exchange of Biological Samples.” 
[136] L. Schwartz, “or Buffer Exchange PROCESSING,” 2003. 
[137] A. Overview, “Protein Concentration and DF by TFF.” 
[138] I. Gehmlich, H. Pohl, and W. A. Knorre, “Laboratory-scale permeabilization of Escherichia coli 
cells for recovery of a small recombinant protein ± Staphylokinase,” vol. 17, pp. 11–14, 1997. 
[139] “Optimizing the Primary Recovery Step in Nonaffinity Purification Schemes for HuMAbs | 
BioPharm International.” 
[140] T. Lee and T. D’Amore, “Membrane Separation Theoretical and Applicable Considerations for 
Optimum Industrial Bioprocessing,” J. Bioprocess. Biotech., vol. 01, no. 02, pp. 1–8, 2011. 
[141] A.-S. Jönsson and G. Trägårdh, “Ultrafiltration applications,” Desalination, vol. 77, no. 0, pp. 
135–179, Mar. 1990. 
[142] a. Takači, T. Žikić‐Došenović, and Z. Zavargó, “Mathematical model of variable volume DF with 
time dependent water adding,” Eng. Comput., vol. 26, no. 7, pp. 857–867, Oct. 2009. 
[143] D. M. Krstić, M. N. Tekić, Z. Z. Zavargo, M. S. Djurić, and G. M. Ćirić, “Saving water in a 
volume-decreasing DF process,” Desalination, vol. 165, no. 0, pp. 283–288, Aug. 2004. 
[144] M. Jelemenský, R. Paulen, M. Fikar, and Z. Kovács, “Time-Optimal Control of Batch Multi-
Component DF Processes,” in 24th European Symposium on Computer Aided Process 
 
Page 86 of 91 
 
Engineering, vol. Volume 33, P. S. V. and P. Y. L. B. T.-C. A. C. E. Jiří Jaromír Klemeš, Ed. 
Elsevier, 2014, pp. 553–558. 
[145] “Milk is a buffer solution.” [Online]. Available: 
http://milk.polybum.com/the_chemistry_of_milk/basic_physical_chemical_properties_of_cows_
milk/composition_of_cows_milk/milk_is_a_buffer_solution. [Accessed: 07-Jul-2015]. 
[146] V. K. Köseoğlu, C. Heiss, P. Azadi, E. Topchiy, Z. T. Güvener, T. E. Lehmann, K. W. Miller, and 
M. Gomelsky, “Listeria monocytogenes exopolysaccharide: origin, structure, biosynthetic 
machinery and c-di-GMP-dependent regulation,” Mol. Microbiol., vol. 96, no. 4, pp. 728–743, 
2015. 
[147] K. Czaczyk and K. Myszka, “Biosynthesis of extracellular polymeric substances (EPS) and its 
role in microbial biofilm formation,” Polish J. Environ. Stud., vol. 16, no. 6, pp. 799–806, 2007. 
[148] D. E. Norwood and a. Gilmour, “The growth and resistance to sodium hypochlorite of Listeria 
monocytogenes in a steady-state multispecies biofilm.,” J. Appl. Microbiol., vol. 88, no. 3, pp. 
512–520, 2000. 
[149] M. Griffiths, “Listeria monocytogenes : Biofilm formation and persistence in the food processing 
environment Steps in biofilm formation.” 
[150] F. Zameer, S. Gopal, G. Krohne, and J. Kreft, “Development of a biofilm model for Listeria 
monocytogenes EGD-e,” World J. Microbiol. Biotechnol., vol. 26, no. 6, pp. 1143–1147, 2010. 
[151] S. Perni, S. J. Jordan, P. W. Andrew, and G. Shama, “Biofilm development by Listeria innocua in 
turbulent flow regimes,” Food Control, vol. 17, no. 11, pp. 875–883, 2006. 
[152] D. M. Helke, E. B. Somers, and A. C. L. Wong, “Attachment of Listeria monocytogenes and 
Salmonella typhimurium to Stainless Steel and Buna-N in the Presence of Milk and Individual 
Milk Components,” J. Food Prot., vol. 56, no. 6, pp. 479–484. 
[153] L. Gram, L. Ravn, M. Rasch, J. B. Bruhn, A. B. Christensen, and M. Givskov, “Food spoilage—
interactions between food spoilage bacteria,” Int. J. Food Microbiol., vol. 78, no. 1–2, pp. 79–97, 
Sep. 2002. 
[154] J. W. Costerton, K. J. Cheng, G. G. Geesey, T. I. Ladd, J. C. Nickel, M. Dasgupta, and T. J. 
Marrie, “Bacterial biofilms in nature and disease.,” Annu. Rev. Microbiol., vol. 41, no. 
FEBRUARY 1987, pp. 435–464, 1987. 
[155] M. L. Kalmokoff, J. W. Austin, X. D. Wan, G. Sanders, S. Banerjee, and J. M. Farber, 
“Adsorption, attachment and biofilm formation among isolates of listeria monocytogenes using 
model conditions,” J. Appl. Microbiol., vol. 91, no. 4, pp. 725–734, 2001. 
[156] M. Nakajima, H. Toyoizumi, K. Abe, H. Nakai, H. Taguchi, and M. Kitaoka, “1,2-β-Oligoglucan 
Phosphorylase from <italic>Listeria innocua</italic>,” PLoS One, vol. 9, no. 3, p. e92353, 2014. 
[157] S. Gopal, D. Berg, N. Hagen, E.-M. Schriefer, R. Stoll, W. Goebel, and J. Kreft, “Maltose and 
Maltodextrin Utilization by <italic>Listeria monocytogenes</italic> Depend on an Inducible 
ABC Transporter which Is Repressed by Glucose,” PLoS One, vol. 5, no. 4, p. e10349, 2010. 
[158] J. Kok, “No Title,” vol. 151, pp. 815–822, 2000. 
 
Page 87 of 91 
 
[159] C. Buchrieser, C. Rusniok, F. Kunst, P. Cossart, and P. Glaser, “Comparison of the genome 
sequences of Listeria monocytogenes and Listeria innocua : clues for evolution and 
pathogenicity,” FEMS Immunol. Med. Microbiol., vol. 35, no. 3, pp. 207–213, Apr. 2003. 
[160] J. Deutscher, “The mechanisms of carbon catabolite repression in bacteria,” Curr. Opin. 
Microbiol., vol. 11, no. 2, pp. 87–93, Apr. 2008. 
[161] P. F. Fox and P. L. H. McSweeney, Advanced Dairy Chemistry: Volume 1: Proteins, Parts A&B. 
Springer US, 2013. 
[162] P. F. Fox, P. L. H. McSweeney, T. M. Cogan, and T. P. Guinee, Cheese: Chemistry, Physics and 
Microbiology: Major Cheese Groups. Elsevier Science, 2004. 
[163] M. J. Lewis, Physical Properties of Foods and Food Processing Systems. Elsevier Science, 1990. 
[164] A. Krzeminski, K. Großhable, and J. Hinrichs, “Structural properties of stirred yoghurt as 
influenced by whey proteins,” LWT - Food Science and Technology, vol. 44, no. 10. pp. 2134–
2140, 2011. 
[165] “Laser Diffraction Particle Size Measurement of Food and Dairy Emulsions Using Equipment 
From Malvern Instruments.” [Online]. Available: 
http://www.azom.com/article.aspx?ArticleID=2808. [Accessed: 07-Jul-2015]. 
[166] Y. L. XIONG, J. M. AGUILERA, and J. E. KINSELLA, “Emulsified Milkfat Effects on 
Rheology of Acid-Induced Milk Gels,” J. Food Sci., vol. 56, no. 4, pp. 920–925, 1991. 
[167] C. Lopez, B. Camier, and J.-Y. Gassi, “Development of the milk fat microstructure during the 
manufacture and ripening of Emmental cheese observed by confocal laser scanning microscopy,” 
Int. Dairy J., vol. 17, no. 3, pp. 235–247, Mar. 2007. 
[168] P. F. Fox and P. L. H. McSweeney, Advanced Dairy Chemistry Volume 2: Lipids. Springer US, 
2007. 
[169] M. C. Michalski, R. Cariou, F. Michel, and C. Garnier, “Native vs. Damaged Milk Fat Globules: 
Membrane Properties Affect the Viscoelasticity of Milk Gels,” J. Dairy Sci., vol. 85, no. 10, pp. 
2451–2461, Jul. 2015. 
[170] S. Nakao, “Determination of pore size and pore size distribution: 3. Filtration membranes,” J. 
Memb. Sci., vol. 96, no. 1–2, pp. 131–165, Nov. 1994. 
[171] R. Ziel, A. Haus, and A. Tulke, “Quantification of the pore size distribution (porosity profiles) in 
microfiltration membranes by SEM, TEM and computer image analysis,” J. Memb. Sci., vol. 323, 
no. 2, pp. 241–246, Oct. 2008. 
[172] F. H. She, K. L. Tung, and L. X. Kong, “Calculation of effective pore diameters in porous 
filtration membranes with image analysis,” Robot. Comput. Integr. Manuf., vol. 24, no. 3, pp. 
427–434, Jun. 2008. 
[173] K. S. Youn, J. H. Hong, D. H. Bae, S. J. Kim, and S. D. Kim, “Effective clarifying process of 
reconstituted apple juice using membrane filtration with filter-aid pretreatment,” J. Memb. Sci., 
vol. 228, no. 2, pp. 179–186, 2004. 
[174] R. L. Brandsma and S. S. H. Rizvi, “Depletion of Whey Proteins and Calcium by Microfiltration 
of Acidified Skim Milk Prior to Cheese Making,” J. Dairy Sci., vol. 82, no. 10, pp. 2063–2069, 
1999. 
 
Page 88 of 91 
 
[175] K. L. Jones and C. R. O. Melia, “Protein and humic acid adsorption onto hydrophilic membrane 
surfaces : effects of pH and ionic strength,” vol. 165, pp. 31–46, 2000. 
[176] K. L. Jones and C. R. O’Melia, “Protein and humic acid adsorption onto hydrophilic membrane 
surfaces: effects of pH and ionic strength,” J. Memb. Sci., vol. 165, no. 1, pp. 31–46, Jan. 2000. 
[177] Q. Lin, Y. Zheng, G. Wang, X. Shi, T. Zhang, J. Yu, and J. Sun, “Protein adsorption behaviors of 
carboxymethylated bacterial cellulose membranes,” Int. J. Biol. Macromol., vol. 73, no. 0, pp. 
264–269, Feb. 2015. 
[178] S. Ahmad, I. Gaucher, F. Rousseau, E. Beaucher, M. Piot, J. F. Grongnet, and F. Gaucheron, 
“Effects of acidification on physico-chemical characteristics of buffalo milk: A comparison with 
cow’s milk,” Food Chem., vol. 106, no. 1, pp. 11–17, Jan. 2008. 
[179] S. Pedersen-Bjergaard and K. E. Rasmussen, “Liquid−Liquid−Liquid Microextraction for Sample 
Preparation of Biological Fluids Prior to Capillary Electrophoresis,” Anal. Chem., vol. 71, no. 14, 
pp. 2650–2656, Jul. 1999. 
[180] G. To and H. A. L. Id, “The minerals of milk Fr ´ To cite this version : The minerals of milk,” 
2005. 
[181] C. Guillaume, E. Gastaldi, J.-L. Cuq, and S. Marchesseau, “Effect of pH on rennet clotting 
properties of CO2-acidified skim milk,” Int. Dairy J., vol. 14, no. 5, pp. 437–443, May 2004. 
[182] C. Guillaume, L. Jiménez, J.-L. Cuq, and S. Marchesseau, “An original pH-reversible treatment 
of milk to improve rennet gelation,” Int. Dairy J., vol. 14, no. 4, pp. 305–311, Apr. 2004. 
[183] A. I. Nájera, M. de Renobales, and L. J. R. Barron, “Effects of pH, temperature, CaCl2 and 
enzyme concentrations on the rennet-clotting properties of milk: a multifactorial study,” Food 
Chem., vol. 80, no. 3, pp. 345–352, Mar. 2003. 
[184] P. M. Tomasula, J. C. Craig, and R. T. Boswell, “A continuous process for casein production 
using high-pressure carbon dioxide,” J. Food Eng., vol. 33, no. 3–4, pp. 405–419, Aug. 1997. 
[185] Y. LE GRA&Euml;T and F. GAUCHERON, “pH-induced solubilization of minerals from casein 
micelles: influence of casein concentration and ionic strength,” J. Dairy Res., vol. 66, no. 02, pp. 
215–224, 1999. 
[186] F. Gaucheron, Min{é}raux et produits laitiers. {É}ditions Tec & Doc, 2003. 
[187] S. Gevaudan, A. Lagaude, B. T. de la Fuente, and J. L. Cuq, “Effect of Treatment by Gaseous 
Carbon Dioxide on the Colloidal Phase of Skim Milk,” J. Dairy Sci., vol. 79, no. 10, pp. 1713–
1721, 1996. 
[188] G. Brule and J. Fauquant, “Mineral balance in skim-milk and milk retentate: effect of 
physicochemical characteristics of the aqueous phase,” J. Dairy Res., vol. 48, no. 01, pp. 91–97, 
1981. 
[189] S. Banon and J. Hardy, “A Colloidal Approach of Milk Acidification by Glucono-Delta-Lactone,” 
J. Dairy Sci., vol. 75, no. 4, pp. 935–941, Apr. 1992. 
[190] M. M. Al-dabbas, K. Al-ismail, and B. M. Al-abdullah, “Effect of Chemical Composition on the 
Buffering Capacity of Selected Dairy Products,” vol. 7, no. 4, pp. 690–700, 2011. 
 
Page 89 of 91 
 
[191] O. Kirchmeier, “Buffer capacities and buffer equilibrium of milk,” Milchwissenschaft, vol. 35, 
no. 11, pp. 667–670, 1980. 
[192] J. A. Lucey and P. F. Fox, “Importance of Calcium and Phosphate in Cheese Manufacture: A 
Review,” J. Dairy Sci., vol. 76, no. 6, pp. 1714–1724, Jun. 1993. 
[193] O. Reynolds, “An Experimental Investigation of the Circumstances Which Determine Whether 
the Motion of Water Shall Be Direct or Sinuous, and of the Law of Resistance in Parallel 
Channels,” Philos. Trans. R. Soc. London, vol. 174, no. 0, pp. 935–982, 1883. 
[194] A. Staff, Microfiltration and Ultrafiltration Membranes for Drinking Water (M53). American 
Water Works Association, 2011. 
[195] G. T. Vladisavljevic, M. B. Radjkovic, and F. Technology, “The Effect of Concentration 
Dependent Viscosity On Permeate Flux Limitation in Ultrafiltration,” Food Technol., vol. 2, no. 
1, pp. 9 – 19, 1999. 
[196] A. L. Zydney, “Stagnant film model for concentration polarization in membrane systems,” J. 
Memb. Sci., vol. 130, no. 1–2, pp. 275–281, Jul. 1997. 
[197] W. N. Gill, D. E. Wiley, C. J. D. Fell, and A. G. Fane, “Effect of viscosity on concentration 
polarization in ultrafiltration,” AIChE J., vol. 34, no. 9, pp. 1563–1567, 1988. 
[198] G. B. T, R. H. Davisb, and A. L. Zydney, “The behavior of suspensions and macromolecular 
solutions in crossflow microfiltration,” vol. 96, pp. 1–58, 1994. 
[199] C. P. Cox, Z. D. Hosking, and L. N. Posener, “Relations between composition and viscosity of 
cow’s milk,” J. Dairy Res., vol. 26, no. 02, pp. 182–189, 1959. 
[200] D. Guggisberg, J. Cuthbert-Steven, P. Piccinali, U. Bütikofer, and P. Eberhard, “Rheological, 
microstructural and sensory characterization of low-fat and whole milk set yoghurt as influenced 
by inulin addition,” Int. Dairy J., vol. 19, no. 2, pp. 107–115, Feb. 2009. 
[201] J. C. Bolling, S. E. Duncan, W. N. Eigel, and K. M. Waterman, “Processing Effects on 
Physicochemical Properties of Creams Formulated with Modified Milk Fat,” J. Dairy Sci., vol. 
88, no. 4, pp. 1342–1351, Apr. 2005. 
[202] F. Engirleerirzg, “Measurement and Comparison of Density , Specific Heat and Viscosity of Cow 
’ s Milk and Soymilk,” vol. 13, no. 199 1, pp. 221–230, 1991. 
[203] F. J. Bailey, R. T. Warf, and R. Z. Maigetter, “Harvesting recombinant microbial cells using 
crossflow filtration,” vol. 12, pp. 647–652, 1990. 
[204] U. Kulozik, “Variation of the calcium content in skim milk by dia ® ltration and ion exchange ± 
Effects on permeation rate and structure of deposited layers in the RO,” vol. 145, pp. 91–97, 
1998. 
[205] P. J. Skudder, “The concentration of milk by reverse osmosis - A study of the formation of 
deposits and the effects of the operational variables,” University of Reading, UK, 1978. 
[206] K. NAKANISHI and H.-G. KESSLER, “Rinsing Behavior of Deposited Layers Formed on 
Membranes in Ultrafiltration,” J. Food Sci., vol. 50, no. 6, pp. 1726–1731, 1985. 
[207] D. Belitz, W. Grosch, and P. Schieberle, “Lehrbuch der Lebensmittelchemie.” 
 
Page 90 of 91 
 
[208] H. D. Belitz and W. Grosch, Lehrbuch der Lebensmittelchemie. Springer Berlin Heidelberg, 
2013. 
[209] T. W. Keenan, D. J. Morré, D. E. Olson, W. N. Yunghans, and S. Patton, “Biochemical and 
morphological comparison of plasma membrane and milk fat globule membrane from bovine 
mammary gland.,” J. Cell Biol., vol. 44, no. 1, pp. 80–93, 1970. 
[210] “Process & Energy Delft.” [Online]. Available: http://delftpe.nl/node/670. [Accessed: 08-Jul-
2015]. 
[211] R. N. Haneda, R. Ikegami, C. a. Fortulan, B. M. Purquerio, E. Longo, and S. R. Fontes, 
“Microfiltration with chemistry treating of commercial membranes and microporous tubes for 
retention of bacteria E. coli on processing of wastewater of dairy products,” Desalination, vol. 
200, no. 1–3, pp. 313–315, 2006. 
[212] S. Rusmin, M. B. Althauser, and P. P. DeLuca, “Consequences of microbial contamination during 
extended intravenous therapy using inline filters,” Am. J. Heal. Pharm., vol. 32, no. 4, pp. 373–
377, 1975. 
[213] H. Hasegawa, K. Naganuma, Y. Nakagawa, and T. Matsuyama, “Membrane filter (pore size, 
0.22â“0.45 Î¼m; thickness, 150 Î¼m) passing-through activity of Pseudomonas aeruginosa and 
other bacterial species with indigenous infiltration ability,” FEMS Microbiol. Lett., vol. 223, no. 
1, pp. 41–46, Jun. 2003. 
[214] N. Lebleu, C. Roques, P. Aimar, and C. Causserand, “Role of the cell-wall structure in the 
retention of bacteria by microfiltration membranes,” J. Memb. Sci., vol. 326, no. 1, pp. 178–185, 
Jan. 2009. 
[215] R. E. Baltus, A. R. Badireddy, W. Xu, and S. Chellam, “Analysis of Configurational Effects on 
Hindered Convection of Nonspherical Bacteria and Viruses across Microfiltration Membranes,” 
pp. 2404–2413, 2009. 
[216] T. Tanaka, K.-I. Abe, H. Asakawa, H. Yoshida, and K. Nakanishi, “Filtration characteristics and 
structure of cake in crossflow filtration of bacterial suspension,” J. Ferment. Bioeng., vol. 78, no. 
6, pp. 455–461, 1994. 
[217] A. Gründling, L. S. Burrack, H. G. A. Bouwer, and D. E. Higgins, “Listeria monocytogenes 
regulates flagellar motility gene expression through MogR, a transcriptional repressor required for 
virulence,” Proc. Natl. Acad. Sci. U. S. A., vol. 101, no. 33, pp. 12318–12323, 2004. 
[218] S. Kathariou, C. Mizumoto, R. Kanenaka, R. D. Allen, and A. K. Fok, “Repression of motility 
and flagellin production at 37 °C is stronger in Listeria monocytogenes than in the nonpathogenic 
species Listeria innocua,” Can. J. Microbiol., vol. 41, no. 7, pp. 572–577, 1995. 
[219] C. I. Lacayo, P. A. G. Soneral, J. Zhu, M. A. Tsuchida, M. J. Footer, F. S. Soo, Y. Lu, Y. Xia, A. 
Mogilner, and J. A. Theriot, “Choosing orientation: influence of cargo geometry and ActA 
polarization on actin comet tails,” Mol. Biol. Cell, vol. 23, no. 4, pp. 614–629, Feb. 2012. 
[220] J. Johnson, K. Jinneman, G. Stelma, B. G. Smith, D. Lye, J. Messer, J. Ulaszek, L. Evsen, S. 
Gendel, R. W. Bennett, B. Swaminathan, J. Pruckler, A. Steigerwalt, S. Kathariou, S. Yildirim, D. 
Volokhov, A. Rasooly, V. Chizhikov, M. Wiedmann, E. Fortes, R. E. Duvall, and A. D. Hitchins, 
“Natural Atypical Listeria innocua Strains with Listeria monocytogenes Pathogenicity Island 1 
Genes,” Appl. Environ. Microbiol., vol. 70, no. 7, pp. 4256–4266, Jul. 2004. 
 
Page 91 of 91 
 
[221] S. Pilgrim, A. Kolb-Mäurer, I. Gentschev, W. Goebel, and M. Kuhn, “Deletion of the Gene 
Encoding p60 in Listeria monocytogenes Leads to Abnormal Cell Division and Loss of Actin-
Based Motility ,” Infect. Immun., vol. 71, no. 6, pp. 3473–3484, Jun. 2003. 
[222] J. M. Farber, G. W. Sanders, and S. A. Malcolm, “The presence of Listeria spp. in raw milk in 
Ontario,” Can. J. Microbiol., vol. 34, no. 2, pp. 95–100, Feb. 1988. 
[223] M. Services, “UK Standards for Microbiology Investigations Identification of Listeria species , 
and other Non-Sporing,” pp. 1–29, 2014. 
[224] A. Upadhyaya and A. Van Oudenaarden, “Biomimetic Systems for Studying Actin-Based 
Motility Actin polymerization provides a major driving force,” vol. 13, no. 03, pp. 734–744, 
2003. 
[225] S. M. Rafelski, J. B. Alberts, and G. M. Odell, “An Experimental and Computational Study of the 
Effect of ActA Polarity on the Speed of Listeria monocytogenes Actin-based Motility,” PLoS 
Comput. Biol., vol. 5, no. 7, p. e1000434, Jul. 2009. 
[226] H. Li and R. Bashir, “Dielectrophoretic separation and manipulation of live and heat-treated cells 
of Listeria on microfabricated devices with interdigitated electrodes,” vol. 86, pp. 215–221, 2002. 
[227] A. Carvalheira, C. Eusébio, J. Silva, P. Gibbs, and P. Teixeira, “Influence of Listeria innocua on 
the growth of Listeria monocytogenes,” Food Control, vol. 21, no. 11, pp. 1492–1496, Nov. 
2010. 
[228] J. S. Aguirre, A. González, N. Ozçelik, M. R. Rodríguez, and G. D. García de Fernando, 
“Modeling the Listeria innocua micropopulation lag phase and its variability.,” Int. J. Food 
Microbiol., vol. 164, no. 1, pp. 60–9, Jun. 2013. 
[229] A. B. Silva-Angulo, S. F. Zanini, A. Rosenthal, D. Rodrigo, G. Klein, and A. Martínez, 
“Comparative Study of the Effects of Citral on the Growth and Injury of <italic>Listeria 
innocua</italic> and <italic>Listeria monocytogenes</italic> Cells,” PLoS One, vol. 10, no. 2, p. 
e0114026, Feb. 2015. 
[230] S. S. Madaeni and B. Khodadadi, “Effect of Bacteria-Virus Interaction on Mechanism of Virus 
Removal Using Microfiltration Membranes,” vol. 7700, pp. 187–193, 2004. 
[231] M. N. Madec, S. Mejean, and J. L. Maubois, “Retention of Listeria and Salmonella cells 
contaminating skim milk by tangential membrane microfiltration (” Bactocatch ” process ) MN 
Madec , S Mejean , JL Maubois To cite this version : Retention of Listeria and Salmonella cells,” 
1992.  
 
